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Abstract 
In this study polypropylene was modified by a range of talc (Mg3(OH)2Si4OlO) fillers. 
Three different types of surface modifiers were also used, two types of silanes 
(octyltriethoxysilane and y-aminopropyltriethoxysilane) and maleic anhydride 
modified polypropylene plus polyethylene wax as an external lubricant. A series of 
compounds were prepared in an APV twin screw compounder, based on talc addition 
level, morphology, particle size, surface coatings and coupling agents. 
The study showed that addition of talc to PP increases the shear viscosity and the 
blend system generally follows the power law in the shear rate range studied. The 
experimental values obtained with talc-filled PP were compared with theoretical data 
obtained from the Maron-Pierce type equation. It was found that theory predicts a 
higher value of relative viscosity for some talc fillers. A model equation is proposed 
for talc-filled PP that predicts accurately relative viscosity of the compound for 
different volume fractions of talc filler. PP-filled with talc having predominantly 
acicular particles (high surface area), shows a highest shear viscosity values, since 
high surface area fillers tend to increase the occluded polymer increasing the effective 
filler volume. The addition of a high level of coating decreases shear viscosity of the 
system, addition of a reactive coupling system slightly increases shear viscosity. 
Wall slip for unfilled PP was consistently evident. The slip velocity increases 
systematically with shear stress, but there is a critical value below which slip velocity 
was negligible. Addition of talc decreased the slip velocity at a given stress. A 
mechanism of slip has been proposed whereby a 'slip layer' on the die surface 
provides a sharp, low energy interface over which, at sufficiently high shear stress, the 
fluid PP can slip. A new empirical model has been proposed to predict the slip 
velocity of filled PP, as a function of talc volume fraction. PP filled with 10 % wt. talc 
having predominantly acicular particles, showed a higher slip velocity than PP filled 
with talc of other morphologies. It was observed that slip velocity increased by 
coating talc (either by use of coating or coupling agents) due to modification of 
velocity distributions in the flow channel. 
Extrudate swell increases with increasing shear rate for unfilled and talc-filled PP 
compounds. Inclusion of talc generally decreases the swell over the entire range of 
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shear rates studied, because the addition of talc to PP increases the shear/extensional 
modulus and thereby decreased elastic strain recovery. No appreciable influence of 
particle size on swell ratio was observed. Coating talc with octyltriethoxysilane 
produces higher swell relative to uncoated filled PP, and higher coating levels 
consistently produced higher swell values. However, coupling agent 7- 
aminopropyltriethoxsilane and maleic anhydride modified polypropylene both 
reduced the swell of the filled polymer system, with a more pronounced effect in 
extension than in shear. Swell decreased with an increase in capillary length-to- 
diameter ratio and increased with increase in shear rate, (or shear stress) with or 
without coating/coupling agent. 
Addition of talc fillers delayed the onset of melt fracture and higher loadings of talc 
completely suppressed the melt fracture in the range of shear rate studied. Melt 
fracture for unfilled and filled PP has been studied and quantified by the frequency of 
the melt distortion. A mechanism for polymer melt fracture has been proposed to 
explain the results, based on the tensile failure of the material in extensional 
deformation. It was found that shear rate and die L/D ratio were the major causes of 
changes in severity of melt fracture for the unfilled and talc-filled compounds studied. 
However, talc morphology and particle size did not have significant effects on the 
severity of melt fracture. 
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List oj symbols 
List of symbols 
a= slip coefficient. 
A= area. 
Adie = cross sectional area of extrudate. 
Aext = cross sectional area of extrudate. 
Al = constant. 
B = extrudate swell ratio. 
Bi = binding forces. 
131, = die swell from long dies. 
B,, = die swell from orifice dies. 
CI, C' = constants. 
C22 C3 =empirical constants. 
C49 C5 = constants. 
qO , Cio = empirical constant . 
C 9, Cg= constants. 12 
D= Die diameter. 
D,: = diameter at L. /2. 
D,,, t = diameter of extrudate. 
DR = diameter the reservoir. 
Ds = screw diameter. 
e= Bagley correction factor. 
Ej = enviromental forces. 
f, = fraction of the stored elastic free energy available to overcome the free energy 
barrier. 
f, fg = free volume at temperature T and Tg respectively. 
F= force. 
Fs = feed screw. 
G= elastic shear modulus. 
h= hight. 
H= Planck's constant. 
I= polydispersity index 
kb = Boltzmann constant. 
ký = constant. 
ki = constant. 
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List of symbols 
ks = constant. 
k2, k3, = constants. 
k4, k5 = constants. 
K= consistency index. 
L= capillary length. 
Le = length of the entry converging region 
Lo = original length of the sample. 
L, = length at time t. 
in = constant dependent on the type of polymer. 
Mcut = average mass (g) of the cut-offs. 
M= mass of filler. 
NIC = critical molecular weight respectively. 
number average molecular weight. n 
M" = weight average molecular weight 
n= power law index. 
n13 = an imaginary extension of the tube obtained from Bagley correction. 
n. = Couette correction. 
N, = normal stress difference. 
0= orifice plug. 
OA = oil absorption. 
P= measured pressure. 
P" = pressure from a zero length die. 
PS = paddles. 
PL = pressure through a long die. 
Q= volume flow rate. 
R= capillary radius. 
Rg = gas constant. 
S= single lead discharge screw. 
t= time. 
tc. t = cut-off time interval. 
t, 
ef = reference time. 
tT 
= average residence or transit time. 
T = absolute temperature. 
Ta = tendency of adhesion. 
Tg = glass transition temperature. 
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List ofsymbols 
T. = reference temperature. 
Ttest = test temperature. 
U= average velocity of the extrudate in the die. 
U1 = average velocity of the extrudate outside the die. 
V= velocity. 
V= volume of oil in mi. 
VR = ram speed. 
V, = slip velocity. 
VOP) = slip velocity of unfilled polymer. 
VS(f) = slip velocity of the filled compound. 
Vol = relative slip velocity. 
V, (z,, = slip velocity at the axial distance 4. 
W. d = work of adhesion. 
x= displacement. 
zý, =axialdistanceinthedieatwhichthewallshearstressisequalto ö. (z. ). 
cc = coefficient of pressure dependence of viscosity. 
(X, = half natural convergent angle of polymer melt. 
(XI coefficient of cubical expansion of liquid. 
AE activation energy for molecular flow. 
AFw strain energy. 
AF* activation free energy. 
Apen entrance pressure drop. 
C engineering strain. 
CE Hencky elongational strain. 
Hencky elongational strain rate. 
recoverable tensile strain. 
volume concentration of filler. 
volume concentration for close packing (max. packing parameter). 
y= shear strain. 
YR = recoverable shear strain. 
= shear rate. 
apparent wall shear rate. 
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List ofsymbols 
0 rd = surface free energy of die. 
r0= surface tension of polymer. P 
dd 
I v, the dispersion force contributions to the surface tensions. 
11 coefficient of viscosity. 
Ila = apparent viscosity at some shear rate 
Ile = apparent elongational viscosity. 
lIg = apparent viscosity at Tg. 
Ilf = viscosity of filled system. 
TIP = viscosities under pressure. 
11ref = apparent viscosity at some arbitrary reference shear rate 
llr = relative viscosity. 
110 = zero shear viscosity; also viscosity of dispersing medium. 
III = apparent viscosity at a shear rate of I s'I. 
= wavelength. 
= micron. 
P= bulk polymer density. 
GE = tensile stress. 
T= shear stress. 
T, = critical shear stress. 
'Ccn = compressive stress acting normal to the interface. 
Te = elongational yield stress. 
'rn = normal stress. 
Ttrue = true shear stress at the wall. 
-rW = apparent wall shear stress. 
-r,, (z,, )=wall shear stress at the axial distance z,, . 
TWP = pressure corrected wall stress. 
TY = shear yield stress. 
ýO = empirical constant. 
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Chapter I 
1 Introduction 
1.1 Polymerflow and rheology 
The shaping of plastic components involves the flow of molten materials. Thus a 
study of the flow properties of polymer melts is fundamental to a complete 
understanding of processing. Polymer melts are viscoelastic and to characterise the 
materials completely, we must consider both the viscous and the elastic response to an 
applied stress [1]. 
Rheology is simply the science of deformation and flow, and since all thermoplastic 
processes exploit deformation and flow, an understanding of the subject is 
tremendously beneficial. For most practical purposes flow can be classified as simple 
shear or elongational, or a combination of both. Simple shear flow is a good 
approximation for many processing techniques, such as extrusion and injection 
moulding. Elongational flow is important in film blowing, blow moulding, and fibre 
spinning and in flow through converging sections. Taking the common example of the 
melt flow under shear (e. g. in an extrusion die or an injection mould), shear viscosity 
data is required over a range of conditions (temperature and shear rate ranges), to 
model the processing behaviour [I]. 
For polymer melts two types of instrument are of particular interest: rotational and 
capillary viscometers [2]. The major disadvantage with a rotational viscometer is that, 
in the case of polymer melts at least, it is only practical to make measurements at 
shear rates much lower than those employed in such processes as extrusion and 
injection moulding [2]. The capillary viscometer is very versatile and is capable of 
covering wider range of shear rates. The capillary rheometer is the most popular 
rheometer for characterising rheological behaviour of polymer melts for processing. 
1.2 Filledpolymers 
Nowadays plastics are very important to us all in many ways. Plastic products are 
used in many markets such as food packaging, transportation, construction and health 
care since the use of plastics brings economy, flexibility of design, and many other 
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benefits [3]. Because of the high cost and possible short supply of feed stocks and the 
need to upgrade the properties of plastics, there is a trend towards the use of 
composites of polymeric materials and inorganic particles in the plastics industries. A 
composite may be defined as a combination of several distinct materials designed to 
achieve a set of properties not possessed by any of the component alone. In practice, 
composites most often consist of two component materials, one of them forming a 
continuous phase (matrix) and the other forming a discrete phase dispersed in the 
matrix. The continuous phase is most often a polymeric material. The discrete phase 
contains additives [4]. These additives can take the form of particulate filler or fibrous 
fillers. The majority of mineral fillers cost less than the polymer in which they are 
added [3]. However, in many practical cases, the addition of filler may increase the 
overall cost of the compound because of the additional cost of processing the filler 
into the polymer [5]. In contrast, it is necessary to compound many other additives 
into polymers, in order to make them useful, so the processing costs of adding filler 
are minimal. Such a filler in PVC for instance may be considered 'cost reducing'. The 
cost of adding a filler to a polymer which would not otherwise need compounding, 
may be overcome by the fact that the filled polymer possesses beneficial properties 
compared to alternative materials, for a given application. 
Particulate additives can be classified as inactive (extender) or active (functional) 
fillers. Extenders are used mainly to reduce cost but may also have the effects of 
reducing shrinkage due to their lower thermal expansion/contraction, increasing 
modulus, density and altering the surface quality of the filled thermoplastics, such as 
reducing gloss with coarse particles [4,5]. Functional fillers bring about a special 
change in properties so that the compound largely meets the requirements demanded 
of it [6]. These can also alter other properties of the polymer, such as dimensional 
stability, electrical conductivity, thermal conductivity, gas permeability, colour, 
moisture pickup, UV stability, weather resistance, flame retardancy and smoke 
suppressant properties depending upon the type and level of particulate used [7]. 
Talc is used in PP both as an extender and as a reinforcing filler due to low cost and 
high aspect ratio. The major application for talc-filled PP is in automotive and 
appliance industries because of the increased stiffness and high temperature creep 
resistance imparted by the talc. In the automotive industry, specific applications for 
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talc in polypropylene include fan shrouds and blades, heater housings and ducts, 
battery heat shields, and fluid pump parts. In the appliance industry, specific 
applications include refrigerator door liners, heater and vacuum pump housings, and 
washing machine agitators [3,5,7,8,9]. 
1.3 Surface modification offiller 
As the filler size decreases particle-particle interaction generally increases resulting in 
filler agglomeration, therefore an inhomogeneous dispersion of filler. This results in 
processing problems, poor appearance and inferior properties. In order to prepare a 
product of high quality, good dispersion of the filler is necessary. Filler surfaces are 
often modified for better dispersion of filler [10]. Surface modification is defined as 
the result of the interaction of an organic compound with filler to alter the 
organophilic nature of surface [7] and these can generally be divided into two types: 
coupling agents and coatings. 
A coating (some times referred to as a wetting agent), does not have any chemical 
bonding with the polymer matrix [11]. Therefore a coating improves the properties of 
the composite by improving dispersion of filler within the matrix [12]. Coating 
reduces the surface energy of the filler, which is believed to enhance the wettability of 
the filler by polymer [7,10,13,14,15]. Common coating agents for mineral fillers 
are fatty acids or equivalent salts. This type of coating is cheap and easily applied [7]. 
In thermoplastics, it is generally believed that fatty acid treatments reduce melt 
viscosity, improve filler dispersion, decrease modulus, have little effect on tensile 
properties but improve the impact resistance [7] of the final compounds. 
Surface treatment of a filler by means of coupling agent, promotes adhesion between 
filler and polymer and thus a stronger material usually results. Coupling agents are 
bifunctional molecules, in which one end reacts with polar inorganic material while 
the other end reacts with organic non-polar substrate. They function as molecular 
bridges between filler and resin [ 16] and offer a means of transferring stress from the 
polymer matrix to filler [ 17]. Coupling agents also help in the dispersion of filler that 
results in better mechanical properties such as tensile strength, flexural modulus and 
impact strength (7,18]. 
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1.4 Rheology offilled polymer systems 
It is known that the addition of filler will change the rheology of polymers, most 
notably increasing the viscosity. Consequently, a study of the rheological 
characteristics of composites is one of the most important steps in examining the 
various problems experienced in polymer processing such as extrusion and moulding 
operations [19]. The rheology of the particle-filled polymer melt depends on the filler 
characteristics and volume fraction of the particles in suspension, (volume occupied 
by particles per unit volume of suspension), as well as the other factors, such as 
particle shape, particle size and its distribution and the state of agglomeration [ 19]. 
Although literature exists on the rheological properties of particulate suspensions, the 
great majority of papers focus attention on a single material function - the shear 
viscosity. In general, the addition of inert solid particles to a polymer increases the 
melt viscosity [20-24]. 
Excessive extrudate swell and melt fracture can take place in processes such as 
extrusion. Relatively few papers have dealt with the elastic properties of filled 
polymers [25,26,27]. It is known that extrudate swell is affected by the state of mix 
[28], and extrudate swell increases as filler dispersion improves [24]. By contrast, an 
increase in filler loading results in a decrease in extrudate swell [7,21]. A reduction in 
extrudate swell also occurs if filler particle size is decreased [ 15]. Melt fracture is also 
influenced by state of mix [29]. 
Wall slip in capillary flow is a well established issue [I]. Polymer pumping processes 
that depend upon the viscous drag of the polymer for their operation will have their 
efficiency drastically reduced by slip. Basically there are two major mechanisms of 
slippage at the die wall/polymer interface; adhesion failure at the die wall/polymer 
interface [30,31,32,33] and adhesion failure within the polymer melt near the die 
wall [34]. The most common material used for studying slip is polyethylene (PE). In 
the recent years, however, polypropylene (PP) has become established as a very 
versatile commodity material, yet its tendency to exhibit wall slip has yet to be 
extensively reported in the literature. It is believed therefore, that the current studies 
examining the wall slip behaviour of PP, noting the effects of a range of talc fillers, 
represent a wholly new research area in polymer rheology. It is the fillers/coatings 
that have yet to be studied in depth. 
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As a consequence, it can be seen that the understanding of the factors that control 
extrudate swell, wall slip and melt fracture is of great practical importance. In order to 
achieve satisfactory extruded products, knowledge of material melt properties both in 
shear and elongational flow deformation is required, together with elasticity data. 
The capillary rheometer has been used in rheological studies of several unfilled 
polymers. However, there is little published work on a complete characterisation. of 
filled polymers. In fact, most publications deal with shear flow and concentrate on a 
single filler type (i. e. calcium carbonate) and indeed, there are very few papers which 
study properties such as die swell, wall slip and melt fracture of filled polymers. 
Moreover, there is no reported work on filled polymer analysis by capillary 
rheometry, which takes into account the particle morphology of the same filler. Wall 
slip and melt fracture analysis of talc-filled PP has not been reported in the literature 
so far. The coating/coupling work has been reported for other systems like calcium 
carbonate or mica but little has been written about talc coatings. 
1.5 Aims and objectives 
The aims of this research are, therefore, to provide information about the shear flow 
behaviour of a composite system, (i. e. PP with talc filler), using a Davenport capillary 
rheometer and also to investigate additional, more complex rheological properties 
such as die swell, wall slip and melt fracture behaviour of the composites. More 
specifically the research investigates how the volume fraction of particles, particle 
morphology and size of each affects the above properties. Other parameters to be 
investigated include the influence of coating and coupling agents on viscosity, wall 
slip and melt elasticity (extrudate swell). 
The individual objectives of the research are summarised as follows: 
I 
1. To prepare unfilled and filled polymer compounds based on grades of PP and talc 
fillers. 
2. To produce a set of compounds based on different filler addition levels, and talc 
fillers of different particle sizes (from the same feedstock), different morphology 
and different surface modification (coating and coupling agents), and to 
characterise these materials by appropriate scientific methods. 
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3. To characterise the shear flow properties of the compounds using capillary 
rheometry, noting the effect of polymer molecular weight and different filler 
particle characteristics (as above). 
4. To investigate the influence of particle size, filler morphology and surface 
modification (coating and coupling agents) on some additional and specific 
rheological properties (die swell; melt fracture; wall slip) 
5. Where appropriate, to propose new, empirical models to represent the flow 
behaviour measured, providing a basis for future process simulation studies. 
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2 Literature review (materials) 
Z1 Polypropylene 
Polypropylene (PP) is a thermoplastic material that is produced by polymerising 
propylene, a gaseous by-product of petroleum refining, in the presence of a catalyst 
(Ziegler-Natta) under carefully controlled heat (-335K) and pressure (200 to 600 kPa) 
[1,2]. 
In the polymerisation reaction, many propylene molecules (monomers) are joined 
together to form one large molecule of polypropylene. Propylene is reacted with an 
organometallic, transition catalyst to provide a site for the reaction to occur, and 
propylene molecules are added sequentially through a reaction between the metallic 
functional group on the growing polymer chain and the unsaturated bond of the 
propylene monomer: 
M* + CH2=---CH 
I 
CH3 
M-CH2qH2 + CH, =CH 
II 
UH3 f'ýH3 
M-CH CHCH CH --> etc. 21 212 
CH 3 CH3 
Figure 2-1 Polymerisation reaction for PP. 
One of the double bonded carbon atoms of the incoming propylene molecule inserts 
itself into the bond between the metal catalyst (M in the above reaction) and the last 
carbon atom of the polypropylene chain. A long, linear polymer chain of carbon 
atoms is formed, with methyl (CH3) groups attached to every other carbon atom of the 
chain (Figure 2-2). Thousands of propylene molecules can be added sequentially until 
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the chain reaction is terminated [2]. PP can be isotactic, syndiotactic or atactic, 
depending on the orientation of pendent methyl groups attached to alternating carbon 
atom, as shown in Figure 2-3. Amounts of isotactic, atactic, and syndiotactic segments 
in a formulation are determined by the catalyst used and polymerisation condition [2, 
3]. Most polymers are predominantly isotactic with small amount of atactic polymer. 
CH3 C113 
Propylene Monomers 
CH3 H CII3 H C113 H CH3 
--c -c- c -c- c -c- c -c- IIIIIIII 
H 11 H ii H 11 11 11 
)n 
Polypropylene Chain 
Figure 2-2 Molecule of propylene and polypropylene. 
The commercial production of isotatic polypropylene uses an insoluble catalyst, 
Ziegler-Natta. The Ziegler-Natta catalysts consist of titanium chloride (TiC14) 
supported on magnesium chloride (MgC12); the loading of titanium employed is 0.5 
moles per kilogram of the solid catalyst. Three additional reagents are included in an 
industrial Ziegler-Natta polymerisation system; (i) triethylaluminiurn ((C2H5)3AI) as a 
co-catalyst to activate the titanium chloride catalyst. (ii) Diphenylmethoxysilane 
((C6H5)2Si(OCH3)2) as an electron donor that is believed to change the action of other 
sites on the titanium chloride surface that are active for polymerisation catalysis, but 
which do not give rise to isotactic forms of polypropylene, to sites that do, resulting in 
polypropylene with 2: 95 per cent of isotactic nature. (iii) Molecular hydrogen (H2) as 
a chain transfer agent [4]. This prevents the propagating polymer chains from growing 
to excessive lengths. The hydrogen molecule donates a hydrogen atom to the 
propagating end of the polymer chain, and thus terminates the polymerisation reaction 
involving that particular chain. 
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C'13 I, C, 13 11 C113 11 C113 
--c -C- C -C -C -c- c 
11 H 11 11 11 H 11 
Isotactic 
ii CH3 1,11 H C113 11 
-C- C -C- C -C- C 
IIIIIIII CI13 1,11 CH3 
Syndiotactic 
CH3 'I CH3 11 11 11 C113 11 C1,3 
-C -c- c -C -C -c- c -C- C 
H 11 11 Il 'I C113 I' ii H 11 
Atactic (Random) 
Figure 2-3 Stereochemical configuration of polypropylene. 
The industrial scale production of polypropylene is usually carried out with the 
catalyst present in slurry containing about 10 per cent solid in a liquid heptane. In the 
reactor appropriate amounts of catalyst slurry, additional liquid alkane (heptane), co- 
catalyst, and external modifier are added. Then propylene is introduced to maintain a 
moderate pressure, 200 to 600 Pa at -335 K for 5 to 8 hours [4]. Isotactic 
polypropylene, which appears as a solid suspension, is removed from the reactor and 
centrifuged to remove any liquid alkane and small amount of atactic polypropylene. 
Residual catalyst materials are removed by treatment with methanol containing a low 
concentration of hydrogen chloride. Finally washing with pure methanol gives raw 
isotactic PP, which is blended with stabilising additives to improve ultraviolet 
stability and resistance to oxidation. 
PP is produced commercially in different forms, depending on the properties desired. 
PP homopolymer contains only propylene monomer in the polymer chain. 
Homopolymer provides stiffness and strength but exhibits low impact strength at low 
temperature. The primary application of homopolymer is in extrusion of fibres and 
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filaments for cordage, web, carpets backing and face yams upholstery fabrics, 
apparel, filters, disposable diapers, medical fabrics, fabrics for automobile interiors, 
bags, and strapping tape etc. Injection moulded homopolymers are used in automobile 
parts, appliances, housewares, packaging containers, furniture, and toys [2,3]. 
Polypropylene copolymers contain one or more different types of monomers in the 
polymer chain. There are three types of polypropylene copolymer commonly used: (1) 
originally rubber, but now more typically ethyl ene-propylene or ethylene-propylene- 
diene rubber blends are used. (2) Random copolymers are produced by addition of a 
second monomer to polymerisation process. (3) Block copolymers are created by 
sequential polymerisation of ethene and propene. 
Mechanical properties of isotactic polypropylene are strongly dependent on its 
crystallinity [5]. Increasing crystallinity increases stiffness, yield stress, and flexural 
strength but decreases toughness and impact strength. Higher molecular weight results 
in lower crystallinities and hence provides greater toughness, impact strength and 
elongation and less brittleness [2,3]. PP has a comparatively high melting 
temperature (zl660C) [3], therefore crystalline phase retains mechanical strength up 
to relatively high temperature. On the low temperature side, usefulness of propylene is 
limited by embrittlement around the glass transition temperature (: z5'C) [3]. 
The weight average molecular weight for PP generally ranges from 220,000-700,000 
g/mol., with melt flow indices from less than 0.3 g/10min. to over 1000 g/10 min. 
Z2 Fillers 
The materials known in the plastic industry as fillers are defined by ASTM's 
committee D-20 as ' relatively inert material added to plastic to modify its strength, 
permanence working properties, or other quantities, or to lower cost'. Further, the 
term is restricted to those materials, which are in the form of discrete particles or of 
fibres not exceeding few centimetres in length. Fillers can be categorised by their 
functions as either inactive (inert or extender) or active (functional or reinforcing) 
types [6]. Extenders are inexpensive fillers that are added primarily to increase bulk, 
reducing the amount of the more expensive polymer required for the application, 
although they can increase stiffness and heat resistance. Reinforcing fillers provide a 
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substantial improvement in mechanical properties, such as tensile strength, heat 
distortion, and modulus of elasticity. Flame retardant fillers such as alurninium 
hydroxide (AI(OH)3) and magnesium hydroxide (Mg(OH)A promotes flame 
retardancy or smoke suppressing characteristic in a polymer. Fillers and 
reinforcements commonly used in PP are calcium carbonate, talc, mica, barite, glass 
spheres, magnesium hydroxide, aluminium hydroxide and carbon and glass fibres [2]. 
Some reinforcing fillers function by forming chemical bonds with the polymer. Others 
produce enhancements in the mechanical properties by taking up volume; they bind to 
nearby polymer chains, decreasing the chain mobility and increasing polymer 
orientation at the filler surface. The increased orientation results in increased stiffness, 
lower deformability and increased strength. A uniform dispersion of filler in a 
polymer matrix increases the polymer-filler interaction, so that a greater amount of 
the polymer is oriented [2]. 
The effect of filler on resin properties is dependent on the aspect ratio, shape and size 
of the particle, the particle size distribution of the filler, filler surface treatment, and 
the dispersion of filler in the polymer [2,7]. 
Microscopic techniques are useful in determining particle shapes. Fillers commonly 
have large distribution of particle sizes, so it is useful to have knowledge of the sizes. 
Size distribution can be characterised using sedimentation methods and is often 
expressed as a statistical graph of percentage finer against the equivalent spherical 
diameter (in ýtm) [7]. 
While almost every mineral and waste product has been investigated for use as a filler 
for plastic, the few types that are commonly used are discussed below. 
Calcium carbonates are the most widely used filler in plastic because of natural 
abundance and low price [7]. There are two types of CaC03, naturally occurring and 
synthetic (or precipitated). Naturally occurring CaC03 can be further classified as 
chalk, limestone or marble, depending upon geological formation [6,7]. CaC03 is 
used widely in thermoplastics due to its high chemical purity. CaC03 tends not to 
agglomerate, is not abrasive, reduces shrinkage, improves surface quality and has a 
high degree of whiteness [7-10]. Precipitated CaC03 grades are more expensive than 
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the naturally occurring ones, but the physical properties are generally improved due to 
the small particle size. When treated with agent such as calcium stearate, these fillers 
are most readily dispersed and actually lower the melt viscosity of a resin, such as 
poly (vinyl chloride). The size of this filler may be controlled by the process used for 
grinding chalk or limestone or by the precipitation process. These fillers are more than 
98% pure, with a moisture content of up to 0.3%, a pH of around 9 to 9.5 and density 
of up to 2.7 g/cm 3. CaC03 is incorporated to polypropylene (PP) for application such 
as injection moulded garden furniture, automotive components and food packaging 
[8]. Injecting moulding of CaC03-filled PP results in higher stiffness and improved 
dimensional stability for shorter cycle time [3]. 
Mica is a potassium aluminiurn silicate and acts as a reinforcing filler. Naturally 
occurring, the mined mica is in the form of sheets, which when used as a filler, are 
high aspect ratio lamellar particles, which gives the fillers a reinforcing nature. The 
filler density is around 2.8 g/cm 3 and a Mohs hardness of 2.5 to 4. Mica has surface 
area mostly in the range of 2-5 m2/g and oil absorption in the range of 10-50 g/100g. 
Good grades contain water in the range of 0.1-0.2%, and pH equal to 7.5 [10]. Mica 
flakes have aspect ratios ranging from 10 to 150 with particle sizes from 45-500 ýIrn. 
Mica reinforcement provides enhanced flexural moduli, heat deflection temperatures, 
tensile strength and dimensional stability [6,7,11,12]. Its use in PP imparts a tan or 
brown colour to the resin; it is generally used when colour is unimportant or for 
speckled appearance [2]. Mica is used as a lower cost alternative to glass fibre 
reinforcement of PP in the automobile industry, for under the hood components, (e. g. 
air conditioning and heater valve housing), trim and dashboard components [2]. 
Wollastonite or calcium metasilicate (CaSi03) is a needle-like filler with an aspect 
ratio ranging from 3 to 20. The density is around 2.9 g/cm 3, Mohs hardness of 4.5 to 
5, [2,9] and pH around 9.9. This high aspect ratio results in high stiffness and good 
impact strength in filled plastics [2]. Wollastonite is becoming an increasingly 
important filler as an asbestos replacement but its most important application is due to 
the high brightness, low oil absorption, and its reinforcing effect [9]. 
Wood flour is an organic filler used in PP that is formed from grinding hardwoods, 
some times blended with nutshells. It is readily available, inexpensive, and 
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3 lightweight, with a density of about 1.50 g/cm . It is composed of 
fine particles with 
low aspect ratio (2-5), with particle size ranging from 70-500 gm. Wood flour 
increases resin stiffness but exhibits low temperature stability and can decompose at 
190-2000C. 
Glass spheres are sometimes used in PP. Glass spheres can be solid or hollow. Hollow 
spheres with density of about one-fifth of that of the pure resin, are used to reduce the 
weight of the filled plastic, while solid spheres provide strength. Glass spheres in PP 
provide increased stiffness at elevated temperature, higher compressive strength and 
dimensional stability. [2]. 
Carbon black is used for reinforcement of elastomers and plastics. In addition to 
acting as a reinforcing agent, carbon black serves as a black pigment and as a 
stabiliser against ultraviolet light. The particle size varies from 0.5 ýtm to 0.005 ýLrn, 
and agglomeration occurs tovarying degrees. The pH value can be from 2 to 9. 
Composed almost entirely of carbon, with high surface area, carbon blacks can absorb 
water up to 15% by weight, which can be removed at 105'C. 
2.2.1 Talc 
Talc is classified as a mineral filler used generally in the form of thin platelets. Pure 
talc is an extremely soft material, being that standard for a hardness of I on the Molis 
scale. CaC03, has a hardness of 3 and diamond has a- hardness of 10 on this scale. 
Commercially, talc products often tend to be harder than pure talc because of the 
presence of impurities. Mineral talc is hydrated magnesium silicate with theoretical 
formula 3MgO. 4SiO2. H20. The typical composition of talc is 31.7% MgO, 63.5% 
Si02, and 4.8% H20, although this can vary, depending upon the source of the ore [5, 
10]. The structure of pure talc consists of a layer, or sheet, of brucite (magnesium 
hydroxide, MgO H20) sandwiched between two sheets of silica (Si02). These layers 
of talc (19 A thick) are held together by weak Van der Waal's forces, and therefore 
talc can be delaminated at relatively low shearing forces [9]. Hydroxyl groups are 
only found at the broken edges so that it is fairly hydrophobic [8]. 
The density ranges from 2.7 to 2.8 g/cm 3 and the pH is around 9 to 9.5. It is inert to 
most chemical reagents and acids. Talc is a non-conductor of electricity and exhibits 
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low thermal conductivity [2,3,8]. The colour varies from white to grey, it may be 
white, grey, yellow, pale blue or pale green. Thermally, talc is stable up to 900'C. 
Manufacturing of talc is usually simple, involving grinding and classification. The 
crystal forms of talc may be plate-like (lamellar), foliated (leafy), fibrous (acicular) or 
massive. The particle shapes of commercial talcs are characteristic of their origin. [7]. 
Some grades have surface treatments [9]. Average particle size varies in the range of 
1 to 8 gm. Specific surface area is in the range of 3-20 m 2/g, which results in a 
slightly higher oil absorption in the range of 25-50 g/lOOg [2,7]. 
The commercial grades of talc used in plastic applications are fine ground products 
consisting of thin platelets. Due to the platey nature of talc, it is considered to be a 
reinforcing filler in many plastic applications. Its low cost qualifies the talc as an 
extender. The low cost of talc (f 0.28-0.41 per kg), relative to the polymer cost (f 
0.73-0.80 per kg, combined with f 0.28 per kg compounding cost) will give a lower 
cost per kg for the compounded material [3]. 
The major application for talc-filled PP is in automotive and appliance industries 
because of the increased stiffness and high-temperature creep resistance imparted by 
the talc. Additional advantages imparted by the talc are good surface quality of the 
finished part and lower mould shrinkage. In the automotive industry, specific 
applications for talc in PP include fan shrouds and blades, heater housings and ducts, 
battery heat shields, and fluid pump parts. In the appliance industry, specific 
applications include refrigerator door liners, heater and vacuum pump housings, and 
washing machine agitators [2,3,7- 10]. 
The mechanical properties imparted to polymers by talc are generally to increase the 
stiffness of the compound due to the shape of the particles [3]. The addition of a 20% 
wt. talc loading to a homopolymer with a flexural modulus of 1382 MPa will increase 
the stiffness to approximately 2764 MPa, whereas a 40% wt. loading will increase the 
stiffness to 4146 MPa. An additional benefit from the addition of talc to a PP is 
reduced mould shrinkage. [7]. The addition of talc to PP reduces the coefficient of 
thermal expansion by about 50%, in the temperature range from 50 to 150"C at 30% 
wt. loading. Talc also reduces moisture absorption of composites. 
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These desirable features are, however, offset by a reduction in impact resistance. The 
effect can be minimiscd through the correct selection of talc particle size and size 
distribution, resin formulation and talc surface treatment [13,14]. 
Typical physical properties of talc filled PP, PE and HIPS are shown in Table 2-1 
below [7]. 
Table 2-1 Typical physical properties of talc filled polymers at 23'C. 
PI) PE HIPS 
Property Unit Unfilled 20% wt. 40% wt. Unfilled 40% wt. Unfilled 40% wt. 
Talc filled Talc filled Talc filled Talc filled 
Flexural MPa 1585 2687 4134 1171 3307 2343 5788 
Modulus 
(tangent) 
Tensile MPa 39 40 37 52 61 33 38 
yield 
strength 
Tensile % 8.5 4.1 3.1 10.4 8.8 2.9 1.6 
elongation 
at yield 
Notched J/1711 31 25 22 196 199 147 24 
Izod impact 
strength 
The outstanding effectiveness of the platey talc is in increasing the modulus of PP, 
with minimum detriment in tensile strength reduction [7]. 
Z3 Filler surface modification 
Most filler materials have a very different physical nature to the polymer matrices in 
which they are used. For example, fillers usually have polar surfaces that often 
interact with non-polar matrices. However, in most systems, to achieve the full 
benefits of the effects offered by the filler, the interaction between the filler and the 
polymer matrix must be optimised [3,8,15]. To control the interaction between the 
filler and polymer, the filler surface is often modified [ 15]. However, optimising does 
not necessarily mean maximising the strength of adhesion between filler and matrix, 
in some instances a lesser level of interaction is needed [8]. Surface modification is 
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defined as the result of' the interaction of an oroanic compound with the Filler to alter 
the oleophilic nature of surface [81 and can generally be divided into two types: 
Coupling aoclits and Coatings. Coating agents have a single functionality, which reacts 
towards the surface ofthe filler and are used to improve the wetting of the filler by tile 
polymer [16]. The coating generally aids in filler incorporation and dispersion and 
does not form a strong bond with the polymer matrix [8,17]. It' strong bonding is 
required, then a further functionality capable of forming a covalent bond with the 
matrix is incorporated in the coating molecules [8]. These bifunctional coatings are 
generally known as 'coupling agents' because of their ability to chemically couple the 
filler to the matrix polymer. The selection of particular treatment depends upon the 
i-natrix into which the treated filler will be incorporated [ 12]. 
Some of' the various possibilities that can be encountered even with simple short 
monofunctional coating molecules are illustrated in Figure 2-4 below. 
(11) llo,. 
_ Reactive sites wideh spaced ReactiN e sites too closelý spaced for complete reaction 
(C) 
-OM 
Spacing ot'reactive sites allmis I 
Complete reaction and a tiggliti. -, 
packed njonolayer 
(d) 
Aim 
www 
Coating molecules laying 
flat on surface 
(e) &WV% 
Ammrmlhý 
-W 
jmw 
Loopy adsorption with Illultit'lintional reaugents 
Figure 2-4 Different structures for surface monolavers on filler surfaces. 
Figure 2-4 (a) shows the situation where the reactive sites are much more widely 
spaced than the area occupied by the coating agent. Complete surface reaction is 
possible, but nILICII OfthC SUrface is uncoated and may be able to adsorb other types of' 
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molecules. Figure 2-4 (b) Shows the reverse situation, the reactive sites are very close 
together and steric factors prevent the coating reacting with all the sites. In this case 
we have complete coverage but incomplete reaction, and the surface may still be able 
to adsorb and interact strongly with small molecules such as water. Figure 2-4 (c) 
Shows the ideal situation where the spacing is such that complete geometric coverage 
exactly corresponds to complete surface reaction. While this situation may be thought 
unlikely, it seems that stearic acid coatings on calcium carbonate come very close to it 
and this makes their great success with the filler [8]. A further area of confusion is in 
assessing molecular orientation at the surface. Most molecules have a number of 
possible orientations, which makes calculation of geometric coverage difficult. This is 
especially true of some organosilane coupling agents where the functionality intended 
to react with the matrix may in some circumstances be strongly adsorbed on to the 
filler surface, resulting in flat or bridged rather than vertical orientation. Even long 
chain carboxylic acids may adsorb flat rather than vertically at low coverage. This 
situation is illustrated in Figure 2-4 (d). Loopy adsorption such as illustrated in Figure 
2-4 (e) is possible when multifunctional adsorbates are used. 
2.3.1 Coating 
A coating (some times referred to as wetting agent) does not have any chemical 
bonding with the polymer matrix [12]. Therefore a coating improves the properties of 
the composite by improving dispersion of filler within the matrix [18]. Coating 
reduces the surface energy of the filler, which enhances the wettability of the filler by 
polymer [8,15,16,19,20]. 
Common coating agents for mineral fillers are fatty acids. This type of coating is 
cheap and easily applied [8]. The hydrocarbon chain of the fatty acid is too short to 
entangle with the matrix, and only the acid groups of the fatty acid react with the filler 
and so coatings are generally weakly interacting with the matrix and so produce a low 
bond strength between filler and matrix. In thermoplastics, it is generally believed 
that fatty acid treatments reduce melt viscosity, improve filler dispersion, decrease 
modulus, have little effect on tensile properties but improve impact resistance [8]. 
Stearic acid (CH3(CH2)16COOH) is the most widely used fatty acid for filler coating 
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[8]. However, for commercial reasons most fillers are coated with industrial mixes of 
fatty acids rather than pure materials. 
As a result of the treatment the surface free energy of the filler decreases [21]. Such 
changes in the surface tension result in a decrease of both particle-particle and matrix- 
particle interactions. The consequence of this change is decreased yield stress and 
strength (for e. g. PP [15,20], LDPE [15] or PVC [15]) as well as improved 
deformability [21]. Kupfer and Rozert [22] stated that, for filled PP/CaC03 system the 
coated filler improves flow properties but gives no advantage in physical properties. 
Miyata et al. [23] found a marked reduction in melt viscosity when stearic acid was 
used on magnesium hydroxide filler in PP. Maiti and Jeyakumar [24] studied 
rheological characterisation of PP filled with CaC03. They found that CaC03 Particle 
morphology, size and applied surface coating affect the rheology of molten filled PP. 
Hornsby and Mthupha [25] also showed that filled PP containing Mg(OH)2 coated 
with magnesium stearate gave substantially lower melt viscosity, than PP containing 
uncoated Mg(OH)2- It was believed that magnesium stearate enhanced compatibility 
between polymer and filler leading to a decrease in the degree of particle 
agglomeration. 
Raymond [261 in her study of coatings for Mg(OH)2 used four different coatings 
(decanoic acid, stearic acid, behenic acid) in MDPE. She found that the shear 
viscosity of the filled compound was dependent on the coating level, with lower 
coating levels and shorter aliphatic chain coatings giving rise to higher viscosities. 
With respect to mechanical properties the longer chains produced stiffer and stronger 
but more brittle compounds i. e. lower tensile yield was found with shorter chains and 
compounds fails in less brittle manner in impact testing. 
2.3.2 Coupling agents 
In PP, various fillers and reinforcements, such as glass fibre, mica, talc and calcium 
carbonate, are typical ingredients that are added to attain cost effective composite 
mechanical properties [3]. Most fillers and reinforcements used are polar in nature. PP 
on the other hand is non-polar. Poor adhesion between the filler surface and the 
polymer matrix prevents necessary wet out by the molten polymer to break up clumps 
of aggregates of filler particles. This shortcoming leads to poor dispersion and 
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insufficient reinforcement with accompanying poor mechanical properties. Coupling 
agents are Lised to improve adhesion in glass and mineral-filled PP. The improved 
adhesion obtained with coupling agents results in enhanced mechanical properties 
such as tensile strength, I'lexural modulus and impact strength 18,17]. 
The most common types of coupling agents are silanes, titanates and zircoaluminates 
[ 12 1. A silanes possesses a -Si (OR)3 group which can be hydrolysed to bond with the 
inorganic component in the system and, at the same time, an organofunctional group 
is available to bond to the organic component, where the organofunctional group can 
be alkyl, epoxy, aryl. arnino, vinyl or inethacrylate groups 19,12,29]. The Figure 2-5 
shows a simplified reaction scheme of the hydrolysis of an alkoxysilane, which is 
quoted as the theoretical route for filler surface modification. 
R 
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Figure 2-5Theoretical mode of coupling agent action. 
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Different plastics may require a silane with different organofunctional group for 
obtaining the best results. For polymers that have functional groups present in their 
backbones, it is relatively easy to select a silane with a specific organofunctional 
group, with which it will react. For example, in polyamides, silanes that have amino 
groups are commonly used. The abundance of carboxylic acid end groups, present 
along the polyamide molecular chain provides reaction sites for the added amine 
groups [3]. However, PP has no functional groups present for any silane to react with 
[3). Another theory about how silanes work is the interpenetrating networks where the 
coupling agent does not form covalent bonds with the polymer. Instead, the silane 
molecules diffuse into the polymer matrix, forming an interphase network of polymer 
and silane [3,8,29]. 
Silane coupling agents can be compounded in situ or applied as pre treatment to 
fillers. The amino-silanes are probably most widely used because of their ability to 
interact with polymers at high temperature [8]. The fillers most commonly treated are 
silicas, clays, wollastonites and other silicates, and flame retardant such as alurninium. 
and magnesium hydroxides [8,12]. 
Sadler et al. [30] mentioned that the interactions between silane-treated fillers and 
various resin types give rise to enhanced composite properties in several ways: 
" Easier dispersion, leading to higher filler loading and reduced cost 
" Improved processability 
" Improved uniformity of physical properties 
" Higher tensile and flexural strengths, with greater scratch and impact resistance 
" Reduced degradation of physical and electrical properties by moisture. 
Han et al. [3 1] used two silane coupling agents to investigate the effect of coupling 
agents on the rheological properties, processability, and mechanical properties of 
highly filled PP. Inorganic fillers used were CaC03 and glass beads. It was found that 
the addition of the coupling agents to PP-CaC03 decreased the melt viscosity and 
increased the melt elasticity, the addition of the silane coupling agents to the PP-glass 
beads affected the rheological properties of the melts quite differently. It was found 
that the effect on the tensile strength and elongation of the filled-PP depends upon the 
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specific coupling agent utilised. Titanate coupling agent operates by reacting with free 
protons at the inorganic interface, resulting in monolayers of organofunctionality. 
Another type of coupling agent introduced in plastic formulations is a polymeric 
coupling agent, which is based on a modified polymer matrix containing some polar 
functionality. In PP systems filled with either talc [3] or CaC03 [32], enhancements of 
mechanical properties was observed with the presence of maleated PP. 
Borden et al. [28] has suggested that an ideal coupling agent for use in filled-PP 
systems is a modified PP containing some polar functionality. A material that meets 
these needs is maleic anhydride-modified PP. The maleic anhydride group reacts with 
functional groups present on the surface of the filler to form chemical bonds as a 
primary interaction mechanism. A second type of interaction consists of 
cocrystallisation of the high molecular weight tail with the molecular chains of the 
polymer matrix giving physical entanglement [3]. 
Gilbert et al. [33] carried a study of phosphate coating on talc-filled PP, they found 
that wetting of the filler was improved and dispersion was improved as coating level 
increased. Mechanical properties were also modified by phosphate coating on talc, i. e. 
an increase in tensile strength and falling weight impact properties but a significant 
drop in flexural modulus was observed. 
2.4 Methodof surface modification 
Modification of the surface of fillers can be done in a variety of ways. The filler may 
be precoated or the coating agent may be added during compounding making its way 
to the filler surface (in-situ coating). As most of the fillers are supplied pre-coated, 
therefore a lot of papers do not mention the coating details [17,27]. Fekete [15] used 
a laboratory scale treatment, which he referred to as a "dissolution method" to coat 
CaC03 with stearic acid or titanate coupling agents. Filler samples treated to different 
extents were suspended in a solvent of coupling agent (CCIA stiffed for 30 minutes 
and separated. However, they did not mention about heating time etc. Maiti [34] used 
a similar technique to coat calcium carbonate with titanate coupling agent. They 
dissolved neopentyl (diallyl) neodecanoyl titanate, (0.5% based on the weight of 
CaC03) in toluene in a large beaker. CaC03 was added with continuous stiffing by a 
magnetic stirrer at 30±10C. The slurry formed was then air dried for 24 hours 
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followed by vacuum drying at 105'C for 4 hours. Whereas Rochctte [35] used a wet 
or slurry method of treatment for silane on mica filler, the silane was hydrolysed in 
100 ml. of water for a period of 10 minutes, and then 5g of mica was introduced. The 
reaction was performed under constant stirring for a period of 10 minutes. Then the 
mica was filtered, washed and dried. Others also used a slurry method to coat 
different filler on a laboratory scale using different solvents for e. g. 
silane/methanol/water [36], phosphate/water solution [33], titanate/chloroform [37]. 
When the filler is pre-coated, various methods may be used depending on the nature 
of the filler, the temperature sensitivity of the modifier and filler, the form of 
introduction of the surface modifier, the coating and filler preparation procedure [8, 
17,38]. 
Plueddemann and Stark [29] carried out a study to compare methods of applying 
silane coupling agents to fillers. The methods studied were dry blending, aqueous 
treatment, treatment from organic solvent and addition of the silane to the filled resin 
mixture during compounding. It was concluded that it was beneficial to match the 
appropriate method used for different fillers and silanes. These methods are discussed 
below. 
For commercial production the dry method of treatment is used. In this method, a 
closed high-shear mixer is used to agitate the bulk of the powder at high speed. Pure 
organofunctional silane is sprayed slowly into the closed mixer, evenly coating the 
mineral. Surface moisture on the mineral powder, typically (0.5-2.0%) is necessary to 
initiate the hydrolysis and condensation reaction. The frictional heating produced 
drives the reactions more quickly to completion [30]. Hornsby and Watson [38] used 
dry coating techniques to coat Mg (OH)2 with silanes, titanates coupling agents as 
well as fatty acid derivatives. 
In the wet or slurry method of treatment the filler is dispersed in water, followed by 
addition of the silane to the rapidly agitated slurry. This method is suitable for small 
scale treatment. The added cost of handling and solvent removal makes the solution 
coating method uneconomical. Sometimes the fillers agglomerate after drying, then an 
additional step is required (i. e. ball-mill) to bring to the appropriate particle size [8, 
29,30]. 
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The simplest, most effective laboratory-scale treatment of particulate fillers is to mix 
the filler with a dilute solution of silane in an organic solvent, then filter and dry. It is 
often found with this method that heating the treated samples in an oven at 80-IOOOC 
for a few hours gives a coated mineral with properties close to industrial scale 
manufacturing. [29,30] 
Integral blend method is a cost effective and simple method, and may be used when 
the filler is directly incorporated into the resin. The undiluted silane is added to the 
resin with mild mixing either before or after introduction of the filler. In this method 
addition of silane before introduction of fillers allows better mixing. Good ventilation 
is necessary to ensure removal of alcohol vapours [30]. 
For surface modified filler, monolayer coverage is the term used when a single layer 
of modifier covers the whole surface area of the filler particle. The amount of the 
surface modifier required to achieve the monolayer coverage is dependent on the filler 
shape, size and porosity. Various methods have been employed to determine the 
amount of surface modifier necessary to form a monolayer. Sutherland [39] reports 
the use of diffuse reflection Diffuse reflection infrared spectroscopy (DRIFT) and x- 
ray photoelectron spectroscopy (XPS) for characterisation of surface chemistry. 
2.5 Characterisation of surface modified fillers 
Surface modifiers applied to filler surfaces may act as an aid to dispersion or as a 
coupling agent. In order to fully understand the way in which surface modifiers affect 
the properties of filled polymer composites it is necessary to accurately characterise 
the surfaces and interfaces involved. Only then can the effect of surface modifiers be 
interpreted at a molecular level. Detailed characterisation of surface chemistry is 
usually best performed using some of the many spectroscopic techniques available. 
[8,40]. 
Sophisticated techniques have now been developed for characterizing and quantifying 
the chemical nature of material surfaces. Several important techniques have been used 
to characterize the nature and extent of the surface modifier and the modified surface, 
however, only Fourier transform infrared spectroscopy (FTIR), is discussed in detail 
in this section. 
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FTIR has had particularly wide application in the field of polymer analysis, not only 
because of the ability to look at intractable, thick, intensely absorbing materials, but 
also because of the ability to observe chemical and physical changes in the polymer 
structure. Therefore, this technique is an extremely useful tool for studying filler 
surfaces modified by coupling or coating agents, and has been used in a number of 
research studies [40]. 
DRIFT is the preferred infrared technique for studying organic coatings on inorganic 
powders [39,40]. Using this technique infrared radiation diffusely scattered from the 
surface of the sample is collected by a parabolic mirror (Figure 2-6) and passed to a 
detector. Steps are taken to eliminate specular reflection. Functional groups present in 
the sample are identified from their characteristic absorption frequencies. The 
technique appears to have some specificity and can detect species more easily than 
transmission spectra. [39]. 
DRIFT spectra can be used quantitatively, but the sample must be prepared and the 
results interpreted with care [39]. In quantitative analysis, KBr, a non-absorbing 
material in the IR region, is used for diluting the powder sample in order to keep the 
reflected IR radiation intensity within the linear range of the detector. 
DRIFT signals are strongly influenced by the particle size and shape of the sample 
and diluent [40]. It has been found that grinding a crystalline material to a size finer 
than the wavelength of the infrared radiation sharpens the infrared absorption of 
particles. 
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Figure 2-6 Schematic diagram of DRIFT apparatus. 
An advantage of DRIFT is that no optical element is in contact with the sample. 
Surface sensitivity of this technique makes it suitable for quantitative analysis of filler 
surfaces and monitoring of chemical reactions [40]. 
VAgberg et al. [41] studied the silane content on the surface of treated mica filler by 
DRIFT. They took 400-500 scans at a mirror velocity of 0.2 cm/s and a resolution of 
2-4 cm*1 throughout the range 4600 to 400 cm". In their experiment the same amount 
of sample was mixed with KBr. Spectra were recorded in the absorbance mode and 
ratioed against a KBr powder background. They used free OH peak at 3625 cm'l as a 
reference band and normalised all spectra according to this band. After this, the mica 
spectrum was subtracted from the sample spectra. The area of the band between 3483 
and 2208 cm" gives the measure of the grams of silane adsorbed per gram of mica. 
Gilbert and Liu [33] in their study used DRIFT to investigate the phosphate coating 
on tale and observed the C-H stretching peak at 2900 cm*l from the alkyl chain of the 
phosphate molecules and OH group peak at 3676 cm". The ratioed areas of CWOH 
peaks represent the coating of phosphate on the talc. They found that coating on the 
tale surface increases with increasing phosphate concentration up to around 6 wt. 
where a plateau in the curve begins due to surface coating saturation. 
27 
Chapter 2 
Z6 Compounding 
Nowadays compounding is associated with methods wherein polymers are softened, 
melted and intermingled with solid fillers, pigments or reinforcements to form filled 
polymer systems [42]. 
Lea [43] described the compounding process in terms of five main operations namely: 
1. Transport of feed stock 
2. Melting and shear heating 
3. Mixing 
4. Melt devolatisation 
5. Melt pumping and pressurisation 
The first step prior to compounding includes the flow of material from hopper into the 
compounder. The factors to be considered are: particle size and shape (which 
influence packing characteristic and hence material bulk density), compaction and 
agglomeration. In the melting stage rapid melting of polymer is necessary in order to 
maximize production rates, factors to consider are thermal conductivity, enthalpy and 
degradation. The goal is homogeneous melting at a constant temperature. Polymer 
melts are very viscous liquid and have low thermal conductivity. The heat produce 
should be effectively removed to prevent overheating of the polymer (thermal 
degradation). If degradation of the polymer occurs then the quality of the extrudate 
reduces. 
The mixing action is a combination of compression/expansion and shearing effects. In 
this step the filler agglomerates are broken down and the polymer is mixed with the 
filler. Mixing which is the central requirement to most compounding is strongly 
influenced by machinery design and to a great degree by material formulation [43]. 
Melt devolatilization includes removal of gases such as entrapped air introduced into 
the compounder together with feedstock. This is necessary to ensure a porosity-free 
extrudate with good integrity and no imperfections in wetting of filler [43]. Pressure is 
generated in compounding procedure in order to convey the material along the screws 
and through the strand die. 
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Figure 2-7 Diagram showing the difference between (a) intermeshing and non- 
intermeshing as well as (b) co-rotating and contra rotating types of twin screw 
extruders. 
The twin screw extruder has developed into the most popular continuous mixing 
device [42]. Various types of twin screw extruders are commercially available and 
these differ widely in their operating principles and functions. Rauwendaal [44] 
discussed different types of twin screw extruders. In general, they can be classified 
into intermeshing or non-intermeshing (Figure 2-7a), and co-rotating or contra 
rotating twin screw extruders (Figure 2-7b). 
The intermeshing twin screw extruders are self-cleaning which evens out the polymer 
residence time. The main characteristic of this configuration is that the screw surfaces 
slide pass each other, constantly removing polymer stuck to the screw [45]. During 
the last few decades the co-rotating twin screws extruders have established 
themselves as efficient continuous mixers for most processes. The intermeshing 
geometry of feed screws causes material to be transferred from one screw to the other 
during forward conveying (Figure 2-8). This results in self-wiping feature of the 
machine. The combination of self-wiping and positive conveying actions of feed 
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screw, together with high shaft speeds, results in short residence times and residence 
time distributions which guarantee that the materials experience a uniform shear 
history [46,47]. 
go, 
30.120' 
60- 
150* 
180, 
90 
Figure 2-8 Mechanism of melt-chamber shape and volume changes, in a co- 
rotating plastics extruder [511. 
Co-rotating twin screw extruder runs in a starve-fed manner. That is the feed rate is 
controlled by separate metering feeders independent of screw speed [47,48]. Hence 
output is not effected by the material flow characteristic [47]. For a constant 
throughput rate an increase in screw speed means an increase in viscous shear and 
hence heat generation and reduce residence time [49] hence product degradation level 
changes are due to a combination of shear and residence time [5 0,5 1 ]. 
Co-rotating twin screw extruders operate on the building block principles. Depending 
on the requirements of the compounding task at hand, appropriate combination of 
screw elements can be selected and assembled by sliding various components onto a 
keywayed or hexagonal shaft along with the right choice of kneading element blocks 
[47]. The standard segments being feedscrews, kneading paddles, flow restriction 
(such as orifice plug) and discharge screw [52]. 
With highly filled polymer a high level of dispersive mixing is achieved by exposing 
the mixture to high shear stresses through the application mechanical energy [53]. 
Corotating twin screw extruders utilize staggered screw disk to impart high shear 
stresses. These screw disks also know as mixing paddles or kneading paddles. The 
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kneading paddles help in achieving better dispersion. The geometry of kneading 
paddles is such that it causes the compression/expansion and smearing effects to the 
material [54]. These paddles are arranged offset to each other, in a spiral staircase 
manner. Increasing the offset angle (max 90') increases the mixing performance of 
the kneading elements, however conveying efficiency is decreased (higher residence 
time). The width of kneading also influences the mixing performance [55], narrow 
kneading paddle provide good mixing and conveying; wide kneading provides intense 
shearing across the face of the paddle. The mixing section normally have a flow 
restriction element such as orifice plugs or barrel valve to hold back the materials to 
ensure complete filling of some portion of the upstream screw or paddles [48]. 
Dillon [56] considered feed rate using talc and PE. It was stated that there is a limiting 
feed rate for the polymer/filler system; however, it is possible to increase these limits 
by reducing the intensity of the first mixing zone by using two steps of filler feed 
(main port and side feed). 
Hermann and Burkhardt [57] compared intermeshing counter and co-rotating twin 
screw extruder. It was found that co-rotating screws are preferred, as the method gives 
a uniform shear history to the material. 
Z7 Dispersion offillers 
Good dispersion is said to be achieved when filler particles are well separated from 
one another (not agglomerated) and there is no localised high concentration. Wypych 
[10] describes the forces especially important in considering the dispersion of filler: 
ZB, 
T. 
Ej 
Where 
Ta tendency of adhesion 
Bi = binding forces (hydrogen bonding, electrostatic and magnetic forces) 
Ej = enviromnental forces. 
In preparation of filled polymer systems, difficulties arise in dispersing the fillers in 
the polymer matrix due to the basic incompatibility between filler and polymer. 
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Polymers being organic in nature have a surface tension that is quite different from 
those of the inorganic fillers. They have thus a natural tendency to resist wetting of 
the filler during compounding [9]. 
All the mineral filler surfaces have layers of water molecules. The presence of 
adsorbed water molecules may also cause the filler particles to bond together, and 
hence the filler particles will remain as an agglomerate [21]. To achieve contact of 
the polymer matrix and filler surface for complete dispersion, wetting agents should 
be used to remove the adsorbed water molecules. Ess and Hornsby [58] reported that 
dispersion of CaC03 is significantly improved by replacing PP (non-polar) with 
polyamide 6,6 (more polar). 
Dispersion also depends upon the particle size of filler, smaller particles are difficult 
to disperse as they have greater tendency of agglomeration formation. Li and Masuda 
[59] reported that in composite systems bigger particles are better dispersed than 
small particles. 
Suetsugu [60] found that in a PP/CaC03 system the state of dispersion improves as the 
mixing time increases and also with an increase in compound temperature. It was also 
found that tensile strength and falling weight impact strength increase with the 
improvement of state of dispersion. Further, it was reported that the number of large 
agglomerates was strongly dependent on the operating conditions of the processing 
equipment. 
Herzig and Baker [61] used a turbine mixer and a Banbury mixer to prepare 
PP/CaC03 systems. The turbine mixer only melts the polymeric system and mixes the 
filler with polymer and does not use any shear stress. Whereas the Banbury mixer 
consists of two rotors. The shape of the rotors induces axial mixing along the rotors 
towards the centre of the chamber as the material travels in a figure eight pattern. This 
configuration results in fairly high intensity shear mixing. They found that Banbury 
mixer produced good dispersion i. e. it was more effective in breaking-up 
agglomerates especially at higher loadings of filler. 
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2.7.1 Dispersion analysis of filler 
The most common approach to assessment of quality in particulate filled polymer 
composites is by direct observation of microstructure, using a variety of analytical 
techniques. The choice of techniques and their application is complicated by the aims 
of the analysis and whether or not this is quantitative. The British Standard Institution 
(BSI) methods for examining carbon black [62] and pigment dispersion [63] simply 
consist of microtoming thin sections of materials and examining them at 100x 
magnification in transmitted common light, however the procedure is highly 
subjective [9]. 
Ess et al. [64] examined a variety of dispersion analysis methods. Thin films were 
used for analysis by transmitted light microscopy. It was found that the thickness of 
the film was distorted at the points of high filler agglomeration. Scanning electron 
microscopy gave a x-ray elemental map of calcium in a calcium carbonate filled PP. 
All of these methods can produce qualitative results that clearly show the difference 
between a poorly dispersed and moderately well dispersed fillers. 
Suetsugu [60] relates filler dispersion in PP/CaC03 composite to mechanical 
properties. It was found that better dispersion promoted an increase in tensile strength 
and falling weight impact strength. The falling weight impact test showed that 
extensive toughening resulted when particles were well dispersed. The mode of 
impact failure changes from brittle mode to a ductile fashion when the filler was 
highly dispersed. It was also noted that failure during impact generally initiated at the 
site of an agglomerate. 
Fu and Wang [65] used fracture surfaces of HDPE filled with 30 percent CaC03 for 
dispersion analysis. They observed agglomerates in micrographs of the uncoated filler 
composite but not with phosphate modified composite. 
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3 Literature review (rheology) 
3.1 Overview of'rheologicalproperties 
3.1.1 Geometry of flovv, /modes of flow of polymer melts 
Basically, modes of deformation can be classified into three types: simple shear. 
clongation and bul k compression [I ]. Only the first two are discussed here. 
In simple shear deformation a force (F) is applied tangentially to an elemental 
volume, as shown in FigUre ')-I. 
F 
dx/dt 
11 
Figure 3-1 Model of simple shear deformation. 
I'lic simple slicar stress (, c) and slicar strain (y) arc dchned as shown in equation '). 1 
and cquation 3" 
T=F 
A 
(3.2) 
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F01- VISCOUS HOW it is morc usual to consider the rate of' sirain. (shcar rate) which is 
given by equation 33. 
I Ox I, 
--(3.3) /1 01 h 
Where 
2 
T= shear stress (N/m or Pa) 
7= shear strain (unity) 
= shear strain rate (s-') 
In a simple (or uniaxial) clongational deformation the force is applied normal to the 
opposite faces as indicated in Figure 1-2. The simple elongational flow can be 
quantified using equations 3.4 and 3.5 and Figure 3-2. 
F 
Figure 3-2 Geometry of elongational flow. 
a1, (3.4) 
C= 
I'l - I'll (3 ). Lo 
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Where 
GE = tensile stress (N/M2) 
Lo = original length of the sample (m) 
LI = length at time t (m) 
E= engineering strain 
Notably, there are two conventional types of elongational strain: engineering strain 
and the Hencky strain. The former is applicable to an elastic material that cannot flow 
(e. g. crosslinked rubber). The latter is applicable to materials which can flow, and 
therefore a unique reference state does not exist (continuously redefined). 
Consequently, the Hencky strain is useful for measuring elongational strain for 
polymer melts. The Hencky strain is defined as shown in equation 3.6. 
EE 
LL 
= In 
1' (3.6) 
L L" 
The instantaneous true elongational strain rate ('OE )can be written as shown in 
equation 3.7. 
- de 1A EE =-=-- 
dt ý dt 
Where 
CE = Hencky elongational strain (unity) 
CE = Hencky elongational. strain rate (s"') 
L,, = original length (m) 
LI = immediate length before the increase of length dL (m) 
(3.7) 
Simple elongational flow is pronounced in injection moulds and in extrusion dies with 
wide converging entrance angles and/or short die lengths (e. g. orifice die). 
3.1.2 Rheological responses/types of fluid behaviour 
Generally, flow behaviour can be classified into two categories: Newtonian and non- 
Newtonian. In the case of Newtonian behaviour, the only response of a material to 
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applied stress is to flow with a viscosity which is independent of stress level, as 
illustrated in equation 3.8 and Figure 3-3. Examples of Newtonian fluids are many 
low molecular weight fluids such as water, solvents and most organic liquids [1]. 
.0 V) 
Shear rate 
Figure 3-3 Relationship between shear stress and shear rate for a Newtonian 
fluid. 
T ý-- 17 Y 
Where 
T= shear stress (Pa) 
11 = coefficient of viscosity (Pa. s) 
7 shear rate (s'l 
(3.8) 
The coefficient of viscosity of Newtonian fluids is constant irrespective of shear stress 
involved, and is independent of time. 
3.1.3 Non-Newtonian fluids 
Many real materials, particularly molten polymers behave differently and are 
classified as non-Newtonian fluids since their viscosity is not constant, but changes 
with shear rate. Broadly three classes of flow behaviour are recognised. These are (a) 
Time-independent fluids (b) Time-dependent fluids (c) Viscoelastic fluids. 
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3.1.3.1 Time-independent fluids 
Time-independent fluids are defined mathematically by the equation 3.9. 
r= f(r) (3.9) 
Graphically this can be represented by a curve of shear stress plotted against shear 
rate. All sorts of curves are possible but here we will discuss only four basic types as 
indicated in Figure 3-4. 
BINGIL4M 
BODY 
DILATANT NEWTONIAN 
14 FLUM 
w FLUID 
PSEUDOPLASTIC 
FLUID 
I 
vy 
-"/ 
SHEAR RATE 
Figure 3-4 Shear stress-shear rate relationships for Bingham bodies, dilatant 
fluids and pseudoplastic fluids compared with a Newtonian material. 
A material having Bingham behaviour does not deform below a certain yield stress. 
Above the yield stress, the material behaves as a simple Newtonian fluid. This type of 
behaviour is expressed by equation 3.10. 
.=I 
r 
Where 
T, Ty = applied shear stress and yield stress, respectively 
9= constant (coefficient of viscosity) 
7= shear rate 
(3.10) 
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Examples of such materials are plasticine and some clay slurries. Some highly filled 
polymers may also exhibit a yield stress before flow occurs [2]. 
For pseudoplastic or shear thinning behaviour the viscosity decreases as the shear rate 
increases, which is often observed in polymer melts. This type of behaviour can be 
approximated by equation (3.11) commonly called power law equation (also known 
as the Ostwald-de Waele equation). 
K(y) 
n 
(3.11) 
Where 
T= shear stress 
y= shear rate 
K= consistency index 
power law index 
In logarithmic form the equation may be written as: 
Log(r) = log(K) +n log(y) (3.12) 
This implies that a log-log plot of r versus v will yield a straight line for a power law 
fluid. The slope of this line is called the power law index (n), which is an indicator of 
the degree of non-Newtonian behaviour. If the fluid has a power law index (n) equal 
to unity, it is Newtonian. If power law index is less than one then the material is 
pseudoplastic. The relationship between apparent viscosity (q,, ) and the power law 
constants k and n of a pseudoplastic material is shown in equation 3.13. 
Ra = K(y)n-I (3.13) 
If ý,, is the apparent viscosity at some shear rate (y) and j,, f is the apparent viscosity 
at some arbitrary reference shear rate y, then by comparing I and il,, f we obtain 
equation 3.14: 
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n-I 
77 
=7 (3.14) 
17,., f r. I. 
When y, is equal to I s-1, equation 3.14 simplifies to: 
17 --'ý 171 
Where 
Ili = apparent viscosity at a shear rate of I s" 
The opposite behaviour to pseudoplasticity is known as dilatancy. Dilatant or shear 
thickening materials show an increase in the apparent viscosity with increasing shear 
rate. Dilatancy is often exhibited by highly concentrated suspensions, including PVC 
pastes [3]. The effect appears most commonly with materials consisting of irregular 
shaped particles, which do not pack easily under high rates of shear. 
3.1.3.2 Time-dependent fluids 
There are a number of liquids whose flow properties, such as apparent viscosity, 
change with the time of shearing even at a constant shear rate (equation 3.16). These 
effects are due to structural changes within the fluid [I]. 
17 -ý q(r, (3.16) 
If the viscosity decreases with time, the fluid is thixotropic and this is exhibited by 
some filled polymer systems and paints. Conversely in rheopectic material, viscosity 
increases with time. These responses are illustrated in Figure 3-5. 
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Time-independent fluid 
Time 
'aixotropic flidd 
Rheopectic flifid 
Figure 3-5 Viscosity versus time for various fluid types. 
3.1.3.3 Viscoclastic fluids 
These materials show properties intermediate to those of classical solids and liquids. 
Such materials are said to be viscoelastic. Polymer melts are viscoelastic in their 
response to an applied stress. Thus under certain conditions they will behave like a 
liquid and are capable of indefinite deformation but on release of the deforming stress 
show some recovery [3]. This viscoelastic response is illustrated in Figure 3-6. 
TMIE 
Dlymer melt 
scous fluid 
Figure 3-6 Viscoelastic behaviour of polymer melt [11 
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3.1.4 Flow in a capillary 
Apparent shear stress and apparent shear rate at the wall of the capillary are given by 
equation 3.17 and 3.18, respectively [4]: 
Tw = 
PR (3.17) 
M 
Where 
rw = apparent wall shear stress (N/m2 or Pa) 
P= pressure drop (NIM 2) 
R= capillary radius (m) 
L= capillary length (m). 
ra - 
4Q (3.18) 
, 7R3 
Where 
Y" = apparent wall shear rate (s-1) 
Q= volume flow rate (m3/s) 
R= capillary radius (m) 
Equations 3.17 and 3.18 are derived using the following assumptions. 
(a) Newtonian flow 
(b) No slip during flow 
(c) Incompressible flow 
(d) Uniform flow pattern along the length of capillary 
(e) Isothermal flow 
Interpretation of capillary rheometry data using the above equation yields an apparent 
rather than a true measure of viscosity at the operating temperature. A series of 
corrections are appropriate to derive the true viscosity. 
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3.1.4.1 End corrections 
For a viscous fluid, as the material progresses from reservoir to the capillary, pressure 
changes occur down the length of the capillary as represented by Figure 3-7. There is 
a linear change in pressure with respect to the axial position along the whole length of 
the capillary and the pressure drops to zero at exit point [3]. 
Pressure 
Figure 3-7 Theoretical pressure profile of viscous fluids 
However the situation with polymer melts is quite different: the profile is shown in 
Figure 3-8. There is a substantial pressure drop in the die entry region (dependent on 
shear rate), and a non-zero value for the pressure at the exit from the capillary [7]. 
There is also some degree of non-linearity just downstream of the capillary entrance. 
Failure to make due correction for these effects will cause the flow curves to be in 
serious error. These end effects are caused by converging flow at the die entrance and 
for viscoelastic fluids, by memory effects in the die itself [3]. 
The pressure drop at the entrance (the entrance effect) has been ascribed to a 
combination of (i) a viscous dissipation of energy due to converging flow prior to 
entry into the capillary. (ii) a viscous dissipation of energy due to the development of 
a velocity profile near the die entry. (iii) chain uncoiling leading to a storage of elastic 
energy, some of which is recoverable. 
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P-- 
Figure 3-8 Pressure profile of viscoelastic fluid 
In order to eliminate the pressure drop due to the entry region of the capillary it is 
usual to make the so-called 'Bagley correction' [5]. Bagley [6] has suggested a 
scheme for doing this. In this method pressure drop (P) is measured at the various 
values of the flow rate (Q), using a variety of capillaries having different lengths but 
same radius. For each value of the apparent wall shear rate (4Q/7t R), measured 
pressure drop is plotted against the ratio of length to radius (L/R), and straight lines 
are drawn through the points as shown in Figure 3-9. 
Figure 3-9 Bagley plot for determining the end correction for capillary flow. 
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By extrapolating the lines corresponding to various values of apparent wall shear rate 
(y,, ) to the P=0 axis, we obtained an 'end correction', e, defined as the negative of 
the value of L/R at the point of interception. 
Thus, the true wall shear stress can then be calculated as shown in equation 3.19. 
rtrue =p 
PR 
2L+ e) 
2(L + eR) 
R 
Where 
Z'true = true shear stress at the wall (Pa) 
P= pressure obtained from die (Pa) 
R= die radius (m) 
L= die length (m) 
e= Bagley correction factor 
(3.19) 
Bagley [6] also found that if shear rate is lower than a critical shear rate, the end 
correction factor (e) increases with. an increase in shear rate, due to the greater 
difficulty for the polymer melts to form natural flow lines from the reservoir into the 
capillary. Above the critical shear rate, the rate of increase in the end correction factor 
with increasing shear rate decreases abruptly, due to the development of melt fracture 
above the die entry region. 
Han and Charles [7] considered that in order to gain an even more exact value of true 
shear stress at the wall, an exit pressure (pressure at the tube exit) they suggested 
should be subtracted from measured pressure drops, i. e. equation 3.19 should be 
modified to give equation 3.20: 
true =. 
p Pexit 
2 +e 
R 
(3.20) 
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However, Hyun [8] concluded that the Bagley's method gives the pressure correction 
needed for viscosity determination from capillary flow measurements regardless of 
the presence of exit pressure from the wall normal pressure measurement, when the 
L/D ratio of dies is greater than four. In addition Hyun, [8] pointed out that both the 
end correction factor and the end pressure decrease as the contraction ratio (ratio of 
barrel to die diameter) decreases when keeping the reservoir diameter constant. 
In Couette-Hagenbach method, two dies of length L, and L2 having the same diameter 
are used. It is supposed that the entrance pressure drop obtained from the long and 
short dies, at any given shear rate and die diameter, are the same. Therefore, the 
entrance pressure is eliminated by subtracting the pressure drop of shorter die from 
that of the longer die, so that the shear stress is given by equation 3.2 1: 
r1rue -ý 
(PI - P2)R (3.21) 
2(LI - 
L2) 
Where 
PIý P2 = pressures obtained from die I and die 2, respectively (Pa) 
LI, L2 = die length of die 1 and die 2, respectively (LI>L2) (M) 
McHugh [9] pointed out that this method actually compensates for entry, entrance 
length and exit correction with no idea of either the total or relative magnitudes, 
which is the main weakness of this method. Cogswell [4] has recommended that the 
use of one long die (L/R = 32) and an orifice (L/R = 0) might be adequate, such that 
true shear stress can be calculated by equation 3.22: 
(PL -P, )R Ttrue -': 
2L 
(3.22) 
It must be noted that pressure obtained from the orifice die is somewhat greater than 
that obtained from the extrapolated pressure of Bagley correction because of the 
incomplete flow development in the orifice die. However, such small differences can 
generally be neglected [3]. 
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3.1.4.2 Rabinowitsch correction 
The apparent shear rates, determined by equation 3.18, need to be corrected because 
of the fact that the velocity profile of a pseudoplastic fluid in a capillary is actually 
more plug-like than parabolic. The Rabinowitsch correction will yield true wall shear 
rate shown in equation 3.23: 
(Ln I 4Q rtrue 
4n+ 
) 
;r- R3 
Where 
Q volume flow rate (m'/s) 
R capillary radius (m) 
n power law index 
3.1.5 Factors effecting rheological properties of polymer melts 
3.1.5.1 Temperature 
(3.23) 
Flow occurs as a result of polymer molecules sliding over each other. The ease of 
flow will depend on the mobility of the chains and the entanglements or forces 
holding them together. An increase in temperature will increase mobility because of 
the greater energy available and hence reduces the viscosity [3,4,10,11]. 
The Arrhenius equation as shown in equation 3.24 gives a temperature dependence of 
viscosity (71) for Newtonian fluids [3,4,10]. 
AE 
17 = Aie 
RST 
Where 
71 = viscosity 
A, = constant 
AE = activation energy for molecular flow. 
Rg = gas constant 
T= absolute temperature. 
(3.24) 
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The relationship between temperature and viscosity is explained by the free volume 
theory, as represented by equation 3.25. According to this theory, there is no free 
volume between molecules at a temperature of 520C below the glass transition 
temperature (Tg) (i. e. no molecular mobility or flow) [3]. Free volume increases with 
increasing temperature (i. e. an increase in molecular mobility and thus a decrease in 
viscosity with increasing temperature) [1,3]. 
f=fg[ I+ a, (T-Tg)] (3.25) 
Where 
f, fg = free volume at temperature T and Tg respectively. 
(XI = coefficient of cubical exPansion of liquid, 
Tg = glass transition temperature. 
William et al. [12] presented a relationship ('WLF' equation) between viscosity and 
temperature as a function of glass transition temperature (shift formula) as shown in 
equation 3.26, which turns out to be widely applicable to amorphous polymers in the 
range Tg to about Tg +1 OO'C. 
o g, 0og aT 
-cg 
(T 
- Tg) (3.26) 
c9+T- g2 T9 
Where 
il, lIg = viscosity at temperatures T and Tg, respectively 
C 9, Cg= constants 12 
It is very helpful to note that the above equation can be expressed in a number of 
universal forms approximately applicable to all polymers. The most useful form, 
although the least accurate, is the equation with the parameters taken to be universal 
constants. 
log 0 
(T)= log 0 (Tg) - 
17.44(T - Tg) 
51.6 +T- Tg 
(3.27) 
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It is now recognised that a better fit is obtained when the constants are specially 
chosen for each polymer. The variation of viscosity with temperature depends on the 
polymer type and varies widely [4]. At temperatures appreciably higher than Tg of 
100 'C, the temperature dependence of viscosity is no longer affected as strongly by 
the increase of free volume. Instead the energy barrier to motion becomes limiting. In 
that case the temperature dependence is given by an Arrhenius form with constant E, 
whose value depends upon the chemical structure of polymer. 
3.1.5.2 Pressure 
Pressure reduces both free volume and molecular mobility, so leading to an increase 
in viscosity [4]. Since the influence of pressure on viscosity is qualitatively similar but 
opposite in sign to that of temperature, a suitable way of representing that dependence 
is to describe a temperature/pressure equivalence so that, for engineering purposes, 
pressure may be considered as negative temperature [4]. If the application of pressure, 
AP, increases the viscosity, and if AT is the temperature rise which is necessary to 
bring the melt back to its original viscosity, we may define the function as shown in 
equation 3.28. 
AT) "C/NM-2. (3.28) 
AP 'iscosity 
The effect of hydrostatic pressure can also be elucidated in terms of the 
thermodynamic function as shown in equation 3.29. 
(H) 
oC/NM-2 (3.29) 
(5p "'Iropy 
There is an instantaneous rise in temperature resulting from the application of 
pressure. This correlation between the function suggests that thermodynamic function 
may be used as guide for the influence of pressure on viscosity [4]. Thus polymers 
whose viscosity is sensitive to changes in temperature are similarly sensitive to 
changes in pressure. 
Kadijk and Van da Brule [11] observed that simultaneous application of high pressure 
and low temperature in certain polymers melts may produce pressure induced 
crystallisation and hence an increase in viscosity. 
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There have not been many reliable measurements of coefficient of pressure 
dependence on viscosity ((x). An average value of cc is defined [10] as: 
a= 
I dr7 
77 dp 
or equivalently 
77(p) = 17(,, ) exp(a - p) 
Where 
(X = coefficient of pressure dependence of viscosity 
p= pressure 
(3.30) 
(3.31) 
i1o, ilp =viscosities under atmospheric pressure and pressure p, respectively. 
In polymer processing the combination of high pressure and low temperature will tend 
to promote the crystallisation of some materials making it harder for the material to 
flow. 
3.1.5.3 Molecular structure 
Molecular weight, molecular weight distribution and chain branching affect 
rheological properties of polymer melts. 
The relationship between zero shear rate viscosity (ijo) and the weight average 
molecular weight is shown in equation 3.32. Zero-shear viscosity (71,, ) is proportional 
to the molecular weight below a critical value M, Whereas above Mc it increases 
rapidly and becomes proportional to M3.4 . The relationship is shown graphically in 
Figure 3-10. 
ý7" = 
k,, M,,, M,, < M, 
m34 (3.32) ko 
w, 
M,, > Mc 
Where 
71. = zero shear viscosity 
kt, = constant 
M= molecular weight. 
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critical molecular weight respectively. 
ZERO SHEAR 
VISCOSITY (N. /. 2) 
lo, 
IV 104 
Figure 3-10 Effect of molecular weight (chain length) on viscosity at zero shear 
rate [1]. 
Molecular weight is the single most important parameter in determining the viscosity 
of a polymer [4]. A factor of two in molecular weight produces tenfold change in the 
viscosity, il, at a given shear stress in the range of molecular weight, at M>M, 
It is important to note that the critical molecular weight is strongly dependent on the 
stiffness of chains, the stiffer the molecules, the higher the critical molecular weight 
[10]. 
At higher stress there will be greater disentanglement and the chain will become more 
aligned in the direction of flow. This will create less resistance to flow and the 
viscosity will decrease. Since there will be less entanglements at higher stresses, there 
will be less dependence on molecular weight [I]. 
Molecular weight may be defined in many ways, of which weight average and 
number average are the most common. 
J]MN 2 
(3.33) 
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- 1] M, N, (3.34) J]N, 
Ballman and Simon [13] concluded from their study with polydisperse PS that the 
melt viscosity depends on the weight average molecular weight at low shear rates and 
on the number average molecular weight at high shear rates. It is important, therefore 
to make a comparison of fluid viscosities of two or more fluids at the same value of 
either number average molecular weight M,, or weight average molecular weight 
M,, . It has been reported [14] that a higher molecular weight average (such as M. 
is much more important than M,, in controlling the shape of the viscosity curve. 
The question of which of these controls the viscosity is an open one that may be partly 
resolved by making physical blends of different molecular weights [4]. 
In addition to molecular weight, rheological properties of polymeric materials are 
affected by molecular weight distribution (MWD), except for the zero shear viscosity 
[10]. There are more ways than one to define the MWD, or polydispersity, as it is 
often called. The most popular definition is the ratio of the weight average molecular 
weight M,, and the number average molecular weight M,, . 
AMD (3.35) 
When a sample has narrow molecular weight distribution, all chains may be assumed 
to have a similar degree of entanglement so that they are uniformly stressed during 
flow. In a sample of broad molecular weight distribution, the longer chain molecules 
appear to form a protective network around their shorter brethren. Thus broad 
molecular weight distribution polymers exhibit lower power law index (n), a more 
elastic response and higher sensivity of viscosity to shear stress than do the narrow 
molecular weight distribution polymers. 
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Figure 3-11 Effect of molecular weight distribution on viscosity. 
Many Investigators have [15,16] concluded that the fluid elasticity increases as the 
molecular weight distribution broadens. 
Many polymers contain branches whose lengths are comparable to the critical 
entanglement length of a linear polymer chain. Such branches have a strong effect on 
various aspects of polymer rheology. Unfortunately, no theory exists today that 
predicts precisely how a different chemical structure affects the rheological behaviour 
of polymeric materials [3,4]. Bueche [ 17] has predicted that the viscosity of branched 
polymer should be less than that of the linear polymer of the same total molecular 
weight. Later Graessley and Prentice [ 18] noted that the Bueche theory was in good 
agreement with their experimental results, and that the experimental viscosities in the 
highly branched samples are lower than the viscosities calculated for linear polymers 
of the same weight average molecular weight M,, . 
Peticolas and Watkin [19] got similar results for polyethylene of the same weight 
average molecular weight. They also noted that high density polyethylene containing 
short chain branching has only a slightly lower melt viscosity than a linear polymer of 
the same weight average molecular weight. On the other hand Karus and Gruver [20] 
have noted that zero shear viscosity of polyisobutylene with long chain branching 
may be higher or lower than the equivalent linear systems, depending on the 
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molecular weight. They also noted was that at sufficiently high shear rates the 
branched polymers would give lower viscosities than the equivalent linear polymer 
(i. e., of comparable molecular weight). 
Melt elasticity of polydispersive polymer with similar breadths of molecular weight 
distribution increases with increasing amount of long chain branching in the high 
molecular weight end of distribution. 
3.1.6 Rheology of filled polymers 
Research activities in the field of polymer rheology have been centred mostly on 
homopolymers. Industrially speaking, polymers are always processed after 
incorporating in them various additives like fillers, plasticizers, modifiers etc. either to 
improve end use properties or as processing aids. During the last decade some work 
has been done in the study of rheological properties of filled polymers [21-24]. 
Regarding volume fraction of filler, a number of equations were developed for a 
Newtonian system, representing the relationship between viscosity and volume 
fraction of fillers. These are shown in equations 3.36 to 3.38 [25]. 
77f = 77JI + 2.50) 
i7f = i7,, (l + 2.50 + 14.102) 
i7f = qý (I + 2.50 + k2 02 + k3 03) 
Where 
'If = viscosity of filled system 
110 = viscosity of dispersing phase 
= volume fraction of filler 
k2 & k3 = constants 
(3.36) 
(3.37) 
(3.38) 
One may see that in all the equations the effect of dispersing medium is taken into 
consideration. The non-linear increase of viscosity, at higher addition of fillers, is not 
considered in the first equation but can be predicted to some extent by the remaining 
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two equations. The second equation assumes that all fillers have the same effect on 
the viscosity, while the last equation allows for adjustment of filler properties 
throughout the choice of constants k2 and k3- It is easy to find that the above equations 
were developed for a Newtonian system, because viscosity has a constant value. The 
above equations are therefore correct for a limited number of systems, narrow 
temperature range and low additions of fillers to Newtonian liquids [26]. 
Polymer melts do not have a constant viscosity, as seen in section 3.1.3 the viscosity 
of Polymer melts changes with shear rate and time. Also addition of filler will have an 
effect on the rheological properties of polymer melts which will depend on filler 
characteristics including surface activity, filler particle size, filler structure as well as 
filler dispersion. Several rheological responses may overlap or act at different shear 
rate ranges in one system. Therefore it is difficult to assign an appropriate mechanism 
to explain their properties. [25]. 
Regarding the effect of filler volume fraction on the rheological properties of polymer 
melts, several authors have reported increases in the viscosity of filled polymer melts 
with increased particle loading [21,27,28] but the extent seems to vary from system 
to system with the greatest effect being at low shear rates or shear stress [29-34]. 
Suh and White [35] studied the shear viscosity-shear stress characteristics of talc 
filled polymers, using a combination of capillary and rotational rheometers. The 
polymers used in the study were HDPE (high density polyethylene), PP and PPS 
(Poly(p-phenylene sulfide). The temperatures used were 160'C for the talc-HDPE 
compound, 220'C for the talc-PP compounds and 31 O'C for the talc-PPS compounds. 
The percentage of talc used was 0%, 20% and 40% wt. The results of their 
experiments showed increases in viscosities with the presence of talc. The increase 
was much more distinct at lower shear stress, for all percentages. At higher shear 
stress the difference between unfilled (0% wt. talc) and filled polymer (20% wt. talc) 
was not so distinct for HDPE-talc, PP-talc and PPS-talc systems. However, 40% wt. 
talc filled compounds did show a significantly higher viscosity compared to unfilled 
compounds at higher shear stress. The talc-thermoplastic compounds all appear to 
exhibit yield stresses. 
White and Suetsugu [32] studies showed similar behaviour for PS/CaC03; filler 
loading used was 30 % vol. with varying particle size and at a temperature of 180'C. 
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They alsu found that the viscosities of the compounds are all greater than the PS 
matrix and decreased with increasing shear rate. White and Minagawa [361 studied 
the influence of Ti02 on the rheological and extrusion properties of five polymer 
melts (two LDPE, two HDPE, and a PS). The percentages of Ti02 used were 0,5,15, 
25 and 40% vol. All the measurements were performed at 180('C. They found that 
increasing Ti02 loading increased the shear viscosity with the extent of increase being 
greater at lower shear rates. 
Hassan [18] studied melt rheological properties of composites of PP filled with wood 
flour (WF), at filler contentrations of 3 to 20% wt. A piston type capillary rheometer 
was used to obtain melt shear streF. s-shex rate data, melt viscosity at various filler 
loadings (3%, 10%, 200/0 wt. ) and at temperatures 210,230 and 250T. The capillary 
die of L/R = 67.20 and an applied wall shear stress range of 40 to 250 kPa were used. 
Incorporation of WF into PP resulted in an increase in melt viscosity and a decrease 
of meli elasticity. I he dependence of log shear stress vs. log shear rate- for the PP/WF 
composites were linear in the range of shear rates studied (400 to 7500 s") at all WF 
concentradons-. Hassan also found out that the viscosity vs. shear rate plot tends to 
converge- at very high shear rate values and above 104 S-1 the presence of -WF 
has 0 
little effect on shear viýzcosity. 
Han [21] studies, with a slit die, showed that CaC03 filled PP followed a power law 
and that the viscosity increased as the filler concentratiQn increased. The filler 
concentrations chosen weie 10,20,40 and 70% wt. Measurements were taken at three 
temperatures (180'C, 2000C, and 220'C). It was observed that filled systems exhibit 
higher viscosity than do the pure polymers at all shear rates. 
In general polymer melts filled with particulate additives follow a power law at high 
shear rates or shear stress [21,28,37], whil. - exhibiting yield stresses at low shear 
rates or shear stress [32,35,36]. Those compounds (PS/CaC03 [32,381, PS/carbon 
black (CB) [38) ard PS/Ti02'[38]), whiob sho,.,,, ed yield values in shear (Ty) also 
showed yield value in elongation (T. ). From the p1jot of shear viscosity, il, versus shear 
stress,. T. (or shear strain rate, y), the rapid increase of shear viscosity at low shear 
strain rates indicated yield type flow behaviour and the shear yield stress (Ty) can be 
determined using the Casson equation: 
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0 
ro-5 = Ty + k, y (3.39) 
where k. = constant. Regarding the effect of temperature on viscosity of filled 
polymers, Hassan and Maiti [28] found out that viscosity of filled compounds is less 
sensitive than the unfilled one. The viscosity decreases in a polymer melt with 
increase in temperature since molecular motion is facilitated at higher temperature 
due to availability of greater free volume. Filled-polymer-melt viscosity would be less 
temperature-sensitive than the unfilled melt viscosity because only the polymer 
fraction in the composite contributes towards free volume change. Han [21] found out 
that melt viscosity decreases with increasing temperature. 
Han [39] studied the effect of filler particle size on the viscosity of talc-filled PP in 
the shear rate range of 10-3 to 104 s" at a temperature of 200'C. The talc used was 
40% wt. He concluded that the effect of particle size was negligible at shear rates 
greater than 1.0 sec", whereas at lower shear rates, the material with the larger 
particles gives rise to lower viscosities than the material with smaller ones. This is 
expected since low-shear viscosity behaviour is governed more by the filler particles 
than by the suspending medium, whereas the opposite is expected of high shear 
viscosity behaviour. 
White [38] studied filled PS melts and found that the viscosity increase is greatest for 
compounds with the smallest particles. White [38] in his study found that decreasing 
the particle size of carbon black (i. e. higher surface area) filler increases viscosity. 
The effect of particle shape on the viscosity of filled PP melts was studied by Han 
[39], in which the glass bead fillers used had the same density as the talc materials 
(2.4 g/cm 3). The shear rate used was between 10-3 to 10-2 S-1. It was seen that the 
material with spherical glass beads gave rise to lower viscosities than the materials 
with talc particles. 
White [38] reported that in a filled system (using the shear strain rate range 10-3 to I 
s"'), the filler particle shape influenced the shear viscosity of the system. The polymer 
used was PS, the filler loading was fixed at 20% vol. Different types of fillers were 
used (such as glass fibres, mica, glass beads, CaC03, CB and Ti02) and flexible 
fillers (such as aramid, cellulose and CaS04 anhydride fibres). They covered different 
morphologies such as spherical (glass beads), particulate (CaC03, CB, Ti02) and 
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fibrous (glass, Aramid, cellulose and CaS04 anhydride fibres). The filled system 
containing glass, aramid, cellulose fibres, mica and glass beads exhibits qualitatively 
similar behaviour with low shear rate Newtonian viscosities and a decreasing 
viscosity function at higher shear rates. On the other hand, the filled systems 
containing CaC03, CB, Ti02, and CaS04 anhydride fibres exhibits unbounded 
viscosity build-up at low shear rates. Generally, the viscosity levels in these systems 
are higher than those found in the former group of fillers. 
Comparison of shear viscosity between the unfilled and filled polymers is sometimes 
presented in terms of a relative shear viscosity (ij, ), which is defined in equation 3.39: 
l7r = 
l7filled 
(3.40) 
l7unfilled 
One of the best available empirical expressions which fits the entire range of volume 
fraction, is the Maron-Pierce type equation [40] that was carefully evaluated by 
Kitano [41,42], that predicts the effects of filler addition on the compound viscosity 
as shown in equation 3.40: 
= 
[i (J]2 
Where 
IIr = relative viscosity 
(3.41) 
OM = volume concentration for close packing (max. packing parameter) 
volume concentration of filler 
Kitano, Kataoka and co-workers [41,42] examined the viscous properties of glass 
beads, glass balloons and CaC03-filled PE and PS melts. They used a cone and plate 
viscometer with shear rate ranges from 0.0075 s" to 30 s" and a capillary viscometer 
for higher shear rates. They found that the Maron-Pierce relationship with 0. = 0.44, 
predicted the oq, vs. 0 relationship fairly well for glass beads, glass balloons in the 
region of 0 below 0.4. However, the relative viscosity with CaC03-filled PE and PS 
melts was higher than that of the glass bead or glass balloon-filled system at the same 
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volume fraction of the filler 0. It should be noted that the relative viscosity was 
determined at a constant shear stress, rather than at constant shear rate, because it is 
independent of shear stress [43]. 
In most cases, the relationship between relative viscosity and volume fraction of 
fillers is as shown in Figure 3-12. At low volume fraction of filler where interaction 
between particles is small, the viscosity gradually increases with increasing volume 
fraction of filler. At high volume fractions of filler, viscosity sharply rises with 
increasing volume fraction of filler because of an increase in hydrostatic interaction 
between filler particles [ 11 ]. 
0 
4u 
9 
tax 
Figure 3-12 Effect of volume fraction of filler on relative viscosity. 
Normally, the higher the surface activity between filler surface and polymer, the 
higher the viscosity, because the substantial amount of molecular mobility restriction 
caused by strong filler-polymer interaction [44]. 
Coating and Coupling Agents 
Some researchers [30,32,45,46] have observed a decrease in shear viscosity on 
application of surface modifiers. Suetsugu and White [32] observed that surface 
treatments (such as stearic acid), caused a reduction in viscosities of PS/CaC03 
compounds and a decrease in apparent yield value with filler coating. The surface 
coating in his case was most effective with the smallest particles. 
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Goel [45] observed the effect of oligomer of propylene oxide on the viscosity of a tale 
filled PP composite system. It was observed that oligomer concentration brings about 
a decrease in the viscosity of the 40% wt. talc-filled PP. It was observed that 3% wt. 
oligomer concentration appears to be optimal, and further addition of oligomer does 
not significantly influence the rheological characteristic of the talc-filled PP 
composite. Goel explained that the decrease in viscosity is perhaps due to distribution 
of the oligomer concentration along the surface of the moving structural elements of 
the dispersed system. The application of coupling agents for surface modification of 
fillers also affects the rheology of the polymer by changing the dispersion of the 
particles [46,47]. 
Bajaj et al [30] studied the rheological behaviour of titanate coated mica-filled PP (10 
to 50% wt. ). Four different types of titanate coupling agents with varying 
concentrations (0.5 to 1.0% wt. ) were used in their study. It was observed that mica- 
filled PP samples both with and without titanate coupling agents follow a power law. 
They observed a marked decrease in shear stress by incorporation of the titanate 
coupling agents as compared to mica-filled PP samples containing no coupling agent. 
The decrease in shear stress was related to the lowering of the surface energy of the 
mica particle by titanate coupling agent and hence would result in better wettability of 
mica by PP owing to the reduction in the agglomeration of particles. The pre- 
treatment of mica with titanate resulted in a decrease in the melt viscosity of mica- 
filled PP. This was due to surface modification of mica by titanate coupling agents 
which forms an organo-functional layer and imparts hydrophobic character to the 
mica. This results in a wetting of mica particles with PP and facilitates a smooth flow 
of polymer matrix in the molten state under stress. Melt viscosity decreases with 
coupling agent concentration. Maiti and Jeyakumar [37] used titanate coupling agent 
to study mechanical and melt rheological properties of CaC03-filled polyethylene. 
Their finding was that with surface treated filler viscosity il values are almost 
identical with the untreated CaC03-filled composites up to 20% wt loading, while at 
higher filler loading the viscosities are lower. 
Han [47] observed that addition of 1.0% wt. carboxyl diisostearoyl ethylene titanate 
coupling agent to PP-talc and HDPE-talc systems affected then melt viscosities very 
little. However, it was also observed that the addition of the titanate-coupling agent to 
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tile PP-CaC03 and I'll-glass-fibre system decreased the melt viscosity. A possible 
explanation I`Or this viscosity decrease has bcen suggested by Han et al. 1471 to he due 
to plasticizing cf'f'ect of' the organic group in the titanate coupling agent, due to the 
moditication Of'tllC ilItCl-ILlCial characteristic ofthe filled system. 
I lan 1481 also used CaCO-3 and glass beads to Investigate the cfICct of a coupling 
agent (N-octyltriethoxysi lane and y-, tniiiiopropý, ltt-ltlioxysilaiie) on the rheological 
properties of' filled PlI compounds. Ile Iound that both silancs decreased the melt 
viscosity oftlic CaC03-filled IT melts. However addition of N-octyltriethoxysilane 
COLIpling agents to PP-glass beads (50% wt. ) increased the rnelt viscosity where as 7- 
aminopropyltrithoxysi lane decreased the melt viscosity. 
On the basis of his results, f Ian [48] concluded that the effectiveness of the coupling 
agent, in reducing the viscosity of filled systems, depends on both the type of 
coupling agent and the type of polymer/filler system chosen. 
3.2 Review of'Wall slip 
It is known that steady-state flow in a die is dominated by shear under no-slip 
condition (i. e. pressure-driven flow), and by Plug flow under slip condition, as 
illustrated in Fig -14. It can be seen from these figures that shear stress , ures 
3-13 and 3 
under the non-slip condition is highest at the die wall and zero at the centre of the die. 
When slip occurs, the shear stress at the wall, for a given volurnetric flow rate, is 
reduced. 
Figure 3-13 Flow profile under non-slip condition. 
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Basically there are two ina j or mechanisms of' slippage at the die wall/polyrner 
interface, adhesion failure at the die wall/polymer interface and adhesion fallure 
within the polymer nielt near the die wall 149]. 
3.2.1 Adhesion failure the polymer/die Nvall interface 
According to this mechanism, wall slip is caUsed by adhesion failLire at the 
polymer/die wall interface when shear stresses are greater than the critical shear 
stress. which is a function of the work of adhesion, [50-53 1 when the polymer nielt 
can no longer adhere to the die ý\ all. 
There are many tactors cl'f'cctliig wall slip based upon this mechanism, namely work 
ol'adliesion, temperature, dic geometry and hydrostatic pressure. 
3.2.1.1 Work of adhesion 
Since the proposed mechanism of' wall slip is based on adhcsIN'c failure at tile 
polymer/die wall interface, work of adhesion, Wad, Of tile two SUrfaces in contact as 
shown in equation 3.42 plays an important role in wall slip [49,52]. 
(3.42) 
Where 
Wad = ýNork of-adliesion 
y ý' and y', ' = the dispersion lorce contribLItIO11S tO the surface Misions. 
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It has been observed that an increase in work of adhesion between polymer and die 
wall results in an increase of critical shear stress [49,52]. 
Hill et al. [52] proposed an expression for the critical shear stress as a function of 
work of adhesion. Their equation can be written as shown in equation 3.43. 
-rc = 
40W,, 
R 
(3.43) 
They suggest that since work of adhesion (W,, ) is a very weak function of temperature 
for melts, the critical shear stress (rc) is relatively insensitive to temperature (T). In 
addition, critical shear stress (r, ) increases with work of adhesion. Critical shear stress 
Tc is expected to increase with increasing capillary length, and then in fully developed 
flow should scale inversely with capillary radius (R). 
3.2.1.2 Temperature 
Temperature also plays an important role in wall slip. Malkin et. al. [54] investigated 
the phenomenon of wall slip during flow of rubber compound through capillaries for a 
typical styrene-butadiene elastomer with carbon black. It was found that at low 
temperature (I I O'C), the slip velocity V, depends on shear stress, and this dependence 
is described by a power law. At high temperature, sliding appears only at shear 
stresses higher than some critical value. 
Hatzikiriakos and Dealy [55] studied the effect of temperature on the slip velocity for 
high-density polyethylene resin by using a sliding plate rheometer. It was found that 
at a given temperature, when the shear stress is significantly greater than the critical 
values for the onset of slip, the slip velocity follows, to a reasonable approximation, a 
power law relýtionship [55] as shown in equation 3.44: 
V =ar' (3.44) sw 
Where 
VS = slip velocity 
a= slip coefficient 
m= slip exponent 
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T" = wall shear stress 
3.2.1.3 Pressure 
In pressure driven flows it is the pressure which promotes adhesion between the die 
wall and the outer layer of polymer melt. For example it has been found that the 
torque of carbon black filled and unfilled polymer, measured on a rotational 
rheometer, decreased with decreasing pressure due to increase in wall slip [4,56]. 
Hatzikiriakos [55] used the capillary rheometer and capillary dies with L/D ratio 
greater than 60 to perform the modified Mooney analysis, with long capillaries there 
is no significant effect of changing the L/D ratio i. e. of pressure on the slip velocities 
because the pressure generated in the die is sufficiently high to maintain adhesion 
between polymer and die wall. 
White et. al. [57] in their study of flow of elastomers in a rotational uniform pressure 
instrument found that slip velocity decreases with pressure, but above a certain 
pressure its effect on the slip velocity diminishes. 
If the effect of die geometry is considered, it can be seen that the effects of die 
geometry and pressure are interchangeable. The longer the die, the higher the pressure 
at a given shear rate and thus lower the wall slip [55]. Hill et al. [52] concluded that 
the slip velocity depends on pressure. Kalika and Denn [58] found that slip velocity 
was a function of L/D ratio of a capillary, decreasing with increasing L/D ratio. 
3.2.2 Adhesive failure within the melt near die wall 
According to this mechanism, slippage takes place at the interface between the thin 
polymer melt film residing near the wall of the microscopically rough die and the 
main flow of the polymer. The slip process is governed by self-adhesion of two layers 
of polymer melt in close contact, through interpenetration of molecular chains across 
the slip interface. The slip velocity (v, ) depends upon molecular structure, and 
particularly upon molecular weight, since low molecular weight chains should 
interpenetrate more rapidly than high molecular weight chains. 
A schematic representation of the situation prevailing in the capillary during the 
unstable flow is illustrated in Figure 3-15 [59]. 
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Figure 3-15 Schematic representation of slip interface prevailing at the capillary 
wall 1-591. 
3.2.3 Slip velocity 
Tlicrc are many methods to determine slip vclocIty. Bryclson I')] showed that the 
velocity of' slippage at the wall of capillary can be determined Using a mUlti-die 
tcclinique, where the apparent shear rate is plotted against the reciprocal ol' the die 
radius I'm a selection of'dies of constant L/D ratio. 
Fhe classical Mooney technique, as shown in equation 3.45, has been widely used. 
40 14 
; TR 
4 V, 
R+-T 
fl 
wilcre 
slill %'C]oClt\, 
OLItpLlt 1'ýItC 
die radius 
F, T-,,, = shear stress and shear stress at wall respectively 
7= shear rate. 
(3.45) 
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Figure 3-16 Plot of apparent wall shear rate against 1/11 at fixed shear stress and 
temperature. 
When the gradient of the graph is zero for a constant shear rate, then no wall slippage 
is occurring. However, when the gradient is greater than zero, wall slippage is 
occurring, and the wall slip velocity can be calculated from the gradient of the line: 
gradient (of y against I/R) =4V,. ( for constantr) 
There have been attempts to modify the classical Mooney technique to get more 
accurate values of the slip velocity. For example Kalika and Denn [58] calculated wall 
slip velocities from the pressure corrected data by assuming that the slip occurs over 
the entire capillary length and that the power law behaviour remains unchanged over 
the rates of interest. The proposed flow equation for a power law fluid experiencing 
wall slip is as shown in equation 3.46. It is important to note that Kalika and Denn 
[58], when dealing with LLDPE, used large values of L/D in order to eliminate 
entrance and exit losses. 
I 
8VR 
-= 
8V., 
+ 
4n -r wp 
ýn 
DD 3n+l K 
Where 
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TWP = pressure corrected wall stress 
K= consistency constant 
n= power law index 
VR = ram speed 
VS = slip velocity 
Hartzikiriakos and Dealy [55] developed a modified version of the classical Mooney 
technique to estimate the slip velocity as shown in equation 3.47 
8V, (z, )= 4n 
(3.47) 
DY 
IT3n 
+ 1) K 
In 
Where 
Y= shear rate 
V, (z,, )= slip velocity at the axial distance 
Z,, = axial distance in the die at which the wall shear stress is equal to 
'5. (z,, ) 
r,,, (z,, )= wall shear stress at the axial distance z,, 
n= power law index 
K= consistency constant 
The main advantage of this equation is that the slip velocity can be calculated from a 
single apparent flow curve (T,, vs. r) while the Mooney technique requires at least 
three apparent flow curves corresponding to various diameters with fixed L/D ratio. 
Hartzikiriakos and Dealy [60] also derived an expression for the slip velocity valid in 
the low-flow-rate branch of the flow curve in the oscillating flow region as shown in 
equation 3.48. 
71 
Chapter 3 
m 
V. 
O(T-T. )] 
"J4 
1- C2 tanh AE + C3 L'-)]l (3.48) . 
[C2 
19 
Tc I) 
T"', 
Where 
V, = slip velocity 
= empirical constant 
'rcn = compressive stress acting normal to the interface 
rc = critical shear stress for onset of slip 
I= polydispersity index 
r" = wall shear stress 
M. = constant dependent on the type of polymer 
T, T. = absolute temperature, reference temperature 
CZ C3 =empirical constant 
E= activation energy 
Rg = gas constant 
00= empirical constant that are fitted to experimental data CI I C2 
Stewart et al. [61] developed a model for predicting slip velocity during extrusion by 
assuming that it takes place when the centre of mass of molecules can pass over the 
potential energy barrier for molecular rotation. The proposed equation is shown in 
equation 3.49. 
Off 
e 
AF* AF,, vs ý- 
Mw H] 
xp(-TT 
) 
sinh kT 
(3.49) 
A. Fw = 
f' Mw rw Y's (3.50) 
2pr,, 
-241 AF* p3 =Cjp3 0 OY2 = ClWad dYp 
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Where 
kb = Boltzmann constant 
, rW = wall shear stress 
T = Absolute temperature 
H = Planck's constant 
M" = molecular weight 
AFw = strain energy 
AF* = activation free energy 
Tn = normal stress 
0 Yd = surface free energy of die 
r0= surface tension of polymer P 
P= bulk polymer density 
C1, C, = constant 
fe = fraction of the stored elastic free energy available to overcome the 
free energy barrier. 
Apart from the capillary rheometer, rotational and other rheometers can also be used 
for quantifying wall slip. For example Yoshimura and Prud'homme [62] investigated 
wall slip using Couette geometry (i. e. using different radii) and parallel disk geometry 
(i. e. using different gap heights). They claim that the major advantage of their 
proposed methods is that only two measurements, instead of at least three 
measurements in Mooney technique, are required. 
It has been shown that most of the previous work regarding wall slip has been referred 
to unfilled polymer especially PE. However, literature on the wall slip of filled, 
polymer could not be found. 
3.3 Review of axtrudate swell 
3.3.1 Introduction 
At the exit of a die, viscoelastic liquids expand upon exiting from capillary tubes, and 
this phenomenon is called die swell or extrudate swell. Some researchers argue that it 
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is relaxation of axial normal stress upon exiting from capillaries that causes die swell, 
while others argue that the relaxation of radial normal stress causes it. Today it is 
generally agreed among researchers that the swelling of the extrudate on emerging 
from capillary is typical of non-Newtonian visoelastic liquids and is believed to be 
related to their elastic properties [63]. 
From the structural (i. e. molecular) point of view, it is believed that die swell occurs 
as a result of a disorientation of macromolecules which have been oriented within the 
capillary by the high shear field [63]. From the rheological point of view on the other 
hand, it is believed that die swell occurs as a result of the recovery of the elastic 
deformation imposed in the capillary. Clearly a deformed element of fluid exhibiting 
retarding elasticity will not recover its elastic deformation instantaneously as it 
emerges from a capillary. Instead while recovery is proceeding, it will travel some 
distance. This distance will depend on the velocity of the fluid element leaving the 
tube exit and the characteristic relaxation time of the material. 
Basically, extrudate swell is controlled by melt elasticity and therefore depends on 
factors such as temperature, shear stress, shear rate, die geometry, molecular 
characteristics and filler loading. 
Leblanc [64] reviewed five major regions in a die, as shown in Figure 3-17: 
1) Entrance regio : In the die entrance region, elongational flow is dominant. 
2) Relaxation 1gg: ion: In this region the entrance effects due to elongational flow are 
progressively damped down. 
3) Visco-metric flow region: In this region a steady simple shear flow and constant 
pressure gradient is observed 
4) Exit regio : There is abrupt change in the boundary condition in this region 
5) Free stream region: In this region post extrudate-swelling phenomenon is 
observed. 
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Figure 3-17 Five regions of an ideal extrusion die 1641. 
3.3.2 Stress relaxation 
It' a polymer is subjected to a certain flow history and then held at constant 
deformation, the stress does not become zero instantaneously, but decreases with 
tinic. This behaviour is ref'erred to as stress relaxation. The rate of relaxation depends 
on the strain rate during deformation, the magnItUde of strain and molecular 
characteristics I 11. 
Apart from relaxation tinic, the residence time of polymer in die is also important for 
extruclate swell. By definition, the residence time is the time that a polymer melt 
resides (Linder stress) in the die. The average residence or transit time (t, r, ), for a 
polymer nielt in the die depends on the die-dimensions and flow rate. Residence time 
I'm Newtonian fluids in a cirCUlar-section die can be calculated from equation 3.52 
[65 1. 
;TRL 
Wicre 
1 JIZ -- ratio of' die length to radius 
(3.52) 
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Anand and Bhardwaj [65] observed that for a polymer of constant molecular weight, a 
logarithmic plot of swell versus t, will be linear only if the polymer shows non- 
Newtonian behaviour. Further more the swell measurement from different capillaries 
will be inversely proportional to average t, Now t, is inversely proportional to r for 
a die of fixed dimensions (equation 3.52), and the value of trr at any constant shear 
rate would decrease as the die dimension decreases. The lower the value of t, the 
lower would be the relaxation of the pre-oriented molecules in the die capillary. The 
swelling is therefore expected to increase with decreasing trr- 
A number of investigators have studied the influence of die geometry on die swell. 
For example, Bagley et al. [66], and Aria and Aoyama [67] found that the longer the 
capillary the smaller the extrudate diameter. Haung and White [68] also come to the 
same conclusion. In addition, Haung [68] observed that the swell from a slit die is 
larger than the capillary swell and increases more rapidly with extrusion rate. 
Han and Kim [69], while working with HDPE, observed an increase in swell with an 
increase in contraction ratio (reservoir-to-capillary diameter ratio) a trend which 
levels off as the (reservoir-to-capillary diameter) DR/D ratio increases. Laun and 
Schuch [70] have studied the effect of die geometry on ratio of the diameter of the 
extrudate to that of die lips, and found that a diverging die decreases the swell while a 
converging die increases it. 
Anand and Bhardwaj [65], Han and Kim [69] reported an increase in die swell with an 
increase in shear stress and/or shear rate. However, Brydson [3] pointed out that die 
swell increases with shear up to a limit which is near to the critical shear rate; beyond 
this die swell decreases. 
Kiriakidis et al. [71] concluded from his numerical simulation with a slit die that the 
extrudate swell from a long die (L/2h=8) was not affected strongly by shear rate. He 
also observed that extrusion from a short die (U2h=2) yielded an enhanced swelling 
behaviour, resulting in a monotonic increase with apparent shear rate. 
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3.3.3 Recoverable shear strain 
Deformation in polymer melts is partly elastic or recoverable. Elasticity is 
conveniently measured as modulus or a ratio of stress to recoverable strain. Extrudate, 
swell for thermoplastic and elastomers was found to increase with total recoverable 
shear strain and elastic energy. The relation between swelling ratio for orifice (B,, ) and 
long die (BL) and strain is expressed by the following equations [72,73]. 
c,. = In Bj (3.53) 
3 
22121 
2 BL 3YR 
(1 
+ 
IV R 
7R (3.54) 
YR = 
T" (3.55) 
G 
Where 
B,,, BL = die swell from orifice and long dies, receptively 
Cr = recoverable tensile strain. 
YR = recoverable shear strain. 
T= shear stress 
G= shear modulus 
In practice, a measure of extrusion pressure can be used for finding shear stress and 
the slope of a plot of the Bagley end correction against wall shear stress is used to find 
shear modulus, the relation is expressed by the following equation [7]: 
n. = nc + 
12 (, rG- 
1) 
where 
nB an imaginary extension of the tube obtained from Bagley 
correction 
n, Couette correction (defined as an elastic geometrical end- 
correction) 
(3.56) 
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TW = shear stress at wall 
shear modulus 
3.3.4 Temperature 
The stress relaxation process requires sufficient energy for stressed molecules to 
overcome the energy barrier for molecular rotation. Consequently, a rise in 
temperature can increase the rate of stress relaxation, leading to a decrease in 
extrudate swell. In addition to the increase in rate of stress relaxation, a reduction in 
viscosity caused by an increase in temperature also contributes to a decrease in die 
swell because of a reduction in stress applied to the polymer molecules. However, at 
low shear stress die swell is little affected by temperature. Beynon and Glyde [74] 
concluded that die swell will decrease with increasing temperature at flow rate well 
below the critical point. If extrusion is carried out near to the critical region, swelling 
will either change very little or increase with increasing temperature. Yang and lee 
[75] investigated the effect of die wall temperature (Twall) and melt tempearture (Tnelt) 
on the extrudate swell of polymer melts. They found that at isothermal conditions 
(Tmelt=Twall), Plots of extrudate swell versus the average wall shear stress gave rise to 
a temperature independent correlation. For non-isothermal (T., jt#Twa11) conditions, 
such a correlation did not exist. Anand and Bhardwaj [65] also found that die swell 
decreases with increasing temperature. 
3.3.5 Pressure and normal stress difference 
Normally, total pressure loss affects extrudate swell through its relationship with 
shear stress. Therefore, for any given die geometry, the higher the total pressure loss, 
the higher the extrudate swell [10]. 
Extrudate swell is also influenced by normal stress difference, which can be 
calculated from pressure drop data [76,77]. The following equation proposed by 
Racin and Bogue [78] shows the relationship between die swell and normal stress 
difference: 
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N, +G- -C" cr. dr. 
r. 
G) 
+0.1 (3.57) 
fG, r.. d-r,, 
0 
Also proposed by Anand and Bhardwaj [65]: 
I 
N, -' T11 - -r22 ': - 2 r,, 
[2(B) 6_ 212 (3.58) 
Where 
B= extrudate swell ratio 
NI = normal stress difference 
G= shear modulus 
TW = wall shear stress 
Extrudate swell is also affected by entrance pressure along with total pressure loss and 
normal stress difference. It has been found that the die swell increases with a rise in 
entrance pressure [64,77,79]. An equation which gives a relationship between 
entrance pressure and extrudate swell has been proposed by Liang [80]: 
B= 1+ 
3 (n + I)k tan' a,, (3.59) 
12 
eln(DR D 
(3.60) 
2( 
D" )2 
D 
(2? 7,, tan a, ( 77e 
(3.61) 
where 
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B= extrudate swell 
P= entry pressure drop 
-CW = shear stress at the die wall 
L, = length of the entry converging region 
oco = half natural convergent angle of polymer melt 
Dc = diameter at Le/2 
e= Bagley correction factor 
DýD = diameter ratio of the reservoir and the die 
71a = apparent shear viscosity 
Ile = apparent elongational viscosity 
Increasing die length decreases the effect of entrance pressure on extrudate swell as 
the molecules have longer time to dissipate stored energy [641. 
3.3.6 Molecular characteristics 
Polymers of lower molecular weight have a relative lower viscosity and so are easier 
to shape and have a reduced molecular entanglement. Polymers of higher molecular 
weight will have superior strength properties but are difficult to process due to higher 
viscosities caused by greater molecular entanglement. Orientation will also tend to be 
higher when processing polymers of higher molecular weight [4]. It is reasonable to 
suppose that a sample of a high molecular weight polymer, which has longer chains, 
will have higher entanglement densities. On application of stress longer chains are 
more highly oriented (molecular orientation caused by the extensional flow) i. e. the 
entanglements present are broken and chains become uncoiled. In a capillary flow, 
the long chains of the polymers are uncoiled and attempt to recoil on emerging from 
the die. Thus the polymer with higher molecular weight will respond with larger swell 
after emerging from the die, keeping all the other variables constant. 
The influence of molecular entanglement on extrudate swell can be seen only if it is 
higher than critical molecular weight. It is important to note that critical molecular 
weight is strongly dependent on the stiffness of chain. The stiffer the molecules, the 
higher the critical molecular weight [10]. Beynon and Glyde [74] studied the effect of 
(average) molecular weight using polyethylene. They found that higher molecular 
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weights produce greater swelling at equal shear rates. Racin and Bogue [78] found a 
similar effect in PS using a long die (L/D = 44). 
Not only molecular weight has an influence on swell but molecular weight 
distribution, which can be characterised by the ratio of the weight average molecular 
weight to number average molecular weight I also influences extrudate swell. M" 
In case of narrow molecular weight distribution all chains may be assumed to have a 
similar degree of entanglement so that they are uniformly stressed during flow. By 
contrast, in case of broad molecular distribution, the longer chain molecules appear to 
form a protective network around shorter chains and therefore, the longer chain 
molecules are subjected to an above average stress. Polymers of broad molecular 
distribution show more elasticity but a slower rate of elastic recovery than polymers 
of similar viscosity with narrow molecular distribution. The higher elasticity is due to 
above average stress being applied to long chains in the polymer of broad molecular 
weight distribution. The slow rate of elastic recover is due to viscous resistance due to 
the conformation of shorter chains. Thus, in a sample of broad molecular weight 
distribution there is usually a more elastic response than in samples of similar 
viscosity with narrow molecular weight distribution, but the elastic response is 
delayed [4,10]. 
Many polymers contain branches whose lengths are comparable to the critical 
entanglement length of a linear polymer chain. Long chain branches have a strong 
effect on various aspects of polymer rheology. The overall entanglement network 
then has a much longer life time than that of a linear polymer network. Therefore, the 
longer the branches, the longer the relaxation time and thus greater extrudate swell 
[10). 
3.3.7 Filler addition 
In some cases addition of filler to polymer has been found to reduce the extrudate 
swell [21,29,81]. The mechanism of reduction in swell by an addition of filler has 
been proposed in terms of a dilution effect. Unlike polymer, the rigid or undeformable 
filler has no elastic memory. Therefore, filler added to polymer modifies the melt 
elasticity, leading to a decrease in extrudate swell. 
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Han [21] has reported a decrease in swell with an increase in particle loading for 
CaC03 filled PP melts using a slit die, the filler concentrations chosen were between 
10 and 70 % wt. Bajaj et al. [30] also reported similar behaviour with titanate coated 
mica (average size 10 Rm) filled PP. Vincent et al. [31] studied extrudate swell for PS 
containing various levels of carbon black and observed that generally the level of 
swell decreases with increasing carbon black content. Apart from filler volume 
fraction, filler morphology and filler particle size can also affect melt elastic 
properties [79,81]. 
White et al. [79] studied the influence of carbon black particle size on polybutadiene 
and butadiene-styrene copolymer synthetic rubber. They found that a decrease in 
particle size generally produced a corresponding decrease in extrudate die swell. A 
decrease in particle size increases the surface area of the carbon black, the higher the 
surface area, the larger amount of rubber is immobilised by filler. The immobilised 
rubber is assumed to be the part of the undeformable filler, which does not have 
elastic memory and therefore, the larger the amount of immobilised rubber, the lower 
the elastic memory, resulting in lower extrudate swell [79]. 
The usual sign of elastic behaviour in filled systems are recognised by the presence of 
larger stress difference during relatively low shear measurements on a cone and plate 
rheometer. White et al. [38] using cone and plate rheometer at a fixed temperature of 
1800C concluded that fibrous fillers (aramid, glass and cellulose fibre) tend to 
increase the normal stress difference values at a fixed shear stress, particulate fillers 
(Ti02, CaC03 and CB) tend to depress it whilst spherical fillers (glass beads) leave it 
relatively unchanged. Hence the swell depends upon the type of filler used. 
Suetsugu and White [32] studied the rheological properties of PS melts filled with 
30% vol. of CaC03 particles of varying particle size. They found that filled PS 
compounds generally exhibit lower principal normal stress difference at a specified 
stress than the unfilled PS. The decrease was greatest for smallest particles. 
Some researchers [28,31,82] found that coated fillers, with surface modifier tend to 
alter the swelling behaviour of compounds. Mijangos and Dealy [82] studied the 
effect of additives and surface treatment on the swell of the filled polyethylene, for 
0.2 [tm CaC03 particles at 30% wt. loading. They found that filled polymer having 
surface treated (i. e. stearic acid) filler reduces the swell slightly than polymer having 
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untreated CaC03 filler. However, when a copolymer (here, methyacrylic acid and 
ethylene) is present the swell is larger, with both treated and untreated particles. 
Tanaka and White [29] observed an increase in normal stress with treated CaC03 in 
PS/ CaC03 system relative to untreated i. e. an increase in elasticity. Goel [44] studied 
the effect of small amount of low molecular weight PP oxide on the rheological 
properties of talc-filled PP composites. He found out that talc filled composite system 
is less elastic than the homopolymer. This is due to the talc filler increasing the 
rigidity of the polymer system. The increase in rigidity implies less mobility of 
macro-molecular chains iinder the influence of the applied stress. Also addition of 
oligomer concentration in a 40% wt. talc-filled PP decreased the elasticity of the filled 
polymer composites. 
3.3.8 Quantification of extrudate swell 
There are number of ways of measuring extrudate swell. The simplest method is to 
lower the temperature of the extrudate in air or liquid and then measure the extruclate 
diameter using a micrometer [75]. 
The second method is to anneal the air or liquid quenched extrudate in an oil bath 
above glass transition temperature of the polymer to release the frozen stress in the 
extrudate [75]. Therefore extrudate swell increases due to stress relaxation of the 
oriented molecules. In another technique, the polymer is extruded into a heated 
chamber and relaxed. However extrusion into a hot gas chamber increases the effect 
of gravitational sagging and interfacial tension [75]. 
A fourth method is to extrudate the polymer melt into an inert thermostat fluid of 
matched density and interfacial tension. The relaxed extrudate diameter is then 
measured using non-contacting type of devices such as photograph or laser optometry. 
This method is most satisfactory; however, the experimental technique is more 
complicated than the other methods. First it is difficult to mount the hot oil bath on 
the rheometer. Secondly, the extrudate diameter measured by the photography method 
tends to scatter owing to the change of oil refractive index by natural convection. 
Thirdly in order to hold the extrudate in the oil bath, the oil used must have a density 
very close to the polymer melt at the measuring temperature. Furthermore, the 
polymer has to be insoluble in the oil. It is difficult to find oils that are able to 
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withstand high temperatures and still have desirable density and solubility 
characteristics [75]. 
In order to minimise error in extrudate swell measurement Cogswell suggested that 
the following conditions should be applied [4]: 
1) measured swell value is higher than 1.15 
2) L/D ratio of die be higher than 16 for a long die and less than 0.1 for a short die. 
3) shear rate is lower than 1000 s'I. 
4) solidification time higher than 5s and less than 50 s. 
5) extrudate diameter greater than I mm. 
6) ratio of extruder barrel diameter to die diameter is higher than 5: 1. 
7) zero shear viscosity greater than 103 Ns/m2. 
In addition to the above methods, another technique based on the equation of 
continuity for incompressible fluids is proposed, as shown in equations 3.61 and 3.62 
[83]. For this method an assumption is made that polymer melts are incompressible 
i. e. the volume of polymer melt in the die is constant and equal to the volume of 
extrudate after emerging from the die exit. 
A,,, tU'= Adic U (3.62) 
B= Aext/Adie, = U/U'= U/(LI/t) = (U/Ll)t = (constant) t. (3.63) 
where 
U= average velocity of the extrudate in the die 
U, = average velocity of the extrudate outside the die 
Adie = cross sectional area of die 
A,,, t = cross sectional area of extrudate, 
LI = extrudate length at time t 
B= extrudate, swell 
t= time required to obtain extrudate length d 
If the length of extruclate obtained at time t (denoted as d in equation 3.63) is adjusted 
to give U/d ratio of unity, the time required to obtain the extruclate length "d" is equal 
to the extrudate swell. 
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The advantages of this method for determining die swell are that the measurement is 
precise and simple, the extrudate is not disturbed by any external contact so extrudate 
cutting, weighing and density measurements are eliminated and swell is measured at 
elevated operating temperature. The disadvantage of this method arises from the 
difficulty of adjusting the extrudate length in order to yield the ratio of U/d of unity. 
Additionally, sagging can contribute to a significant error if time is too long. 
3.4 Review ofsurface meltfracture 
3.4.1 Introduction 
In capillary flow the extrudate becomes irregular and distorted at high flow rates. This 
phenomenon takes a variety of forms, is associated with elastic behaviour and is 
referred to as melt fracture. Above a certain critical flow rate, the observed extrudate 
irregularities may be classified into two main types: surface irregularities (surface 
melt fracture) and gross irregularities (gross melt fracture) [50]. 
A flow curve of linear polyethylene can be divided into five regions, as shown in 
Figure 3-18 [84,85]. Only certain polymers such as linear polyethylene can show all 
five regions in flow curves. 
En 
Log shear rate 
Figure 3-18 Five regions of HDPE flow curve 
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The first region (region A) is observed at relatively low shear rates and the observed 
extrudate is smooth. When increasing the shear rate (shear stress is greater than the 
first critical stress) a surface roughness appears, region B, where surface disturbance 
is small compared to extrudate diameter. They may range from a frosted surface to 
small periodic diameter variation (sharkskin). At the upper end of the sharkskin 
region, waviness on the extrudate can be observed. In the third region (region C) 
where shear stress are higher than the second critical shear stress (a, 2 ). the sharkskin 
defects changes to spurt or slip-stick defect, characterised by a pulsating flow 
generating a largely periodic surface distortion of the extrudate. When increasing the 
shear rate further a relatively smooth extrudate is observed, (region D), eventually 
extrudate exhibits gross distortion region E. 
The factors that influence the type and degree of extrudate distortion include: the 
chemical nature of polymer, molecular weight and its distribution, branching, 
entrance geometry, material and length to diameter ratio of the capillary, temperature 
and flow rate [10]. 
3.4.2 Sharkskin melt fracture (region B) 
The surface irregularity known as sharkskin is the first form of surface distortion and 
is characterised by a series of ridges perpendicular to the flow direction observed 
under steady flow when shear stresses are higher than the first critical shear stress [3, 
101. Sharkskin is observed in region B of Figure 3-18. The amplitude of the roughness 
increases with increasing apparent shear rate, but rarely exceeds 10% of the extrudate 
diameter [58]. 
3.4.2.1 Proposal for origin of the sharkskin melt fracture 
There are several proposed mechanisms of sharkskin melt fracture but only the two 
most important mechanisms will be discussed in detail: that based on acceleration of 
the outer layer of the extrudate at the die exit and that based on adhesive failure at the 
polymer/die wall interface. 
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(A) Mechanism based on acceleration of the outer layer of the extrudate at the 
die exit. 
According to this proposed mechanism, sharkskin melt fracture is caused by 
acceleration of the outer layer of the extrudate at the die exit, due to change in the 
velocity distribution from pressure driven flow in the die to plug flow at the die exit 
(Figure 3-19). This abrupt change in boundary condition result in high stretching of 
outer layer, leading to a large tensile stress being applied to the surface layer [3,4, 
83]. Shark skin melt fracture will occur if this tensile stress is larger than the tensile 
strength of the outer layer [3,4,87,88]. 
Figure 3-19 Mechanism model of sharkskin: the acceleration effect on the outcr 
layer 
Surface melt fracture (sharkskin) is observed in only a few materials e. g. linear 
polyethylene [86). It is suggested that both critical exit velocity and wall shear stress 
are required for sharkskin melt fracture to occur [86]. 
Sharkskin melt fracture is more pronounced in a short capillary die [89]. The 
sharkskin decreases with increasing L/D for some melts and sometimes the point of 
initiation appears to occur at higher shear rates. This is because a larger die provides 
longer residence time for molecular relaxation leading to decrease in molecular 
orientation (i. e. a reduction in pre-stretched molecules). As a result, a greater amount 
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of additional stretching is needed for the occurrence of sharkskin melt fracture [4,84, 
86,89]. 
Decreasing the entry angle for some polymers tends to mask the severity of the 
distortion by apparently increasing the critical stress and rate at which distortion is 
first observed [84]. Increasing temperature tends to delay the onset of sharkskin [841. 
Tremblay [84] has simulated the capillary flow of linear polydimethysiloxane melt, 
which exhibits significant sharkskin. His calculation showed that a large negative 
pressure (hydrostatic tension) exists at the die exit. He suggested that this tension 
cavitates the polymer melt very close to the die lip, thus leading to surface defects. 
(B) Mechanism based on an adhesive failure at the polymer/wall interface 
This proposed mechanism is totally different from previous mechanism. According to 
this mechanism, sharkskin melt fracture is caused by an adhesive failure at the 
polymer/wall interface when shear stresses are greater than the first critical shear 
stress [50,51,58]. Ramamurthy [50] further suggested that first critical shear stress is 
independent of the molecular structure (molecular weight, MWD, and branching) and 
melt temperature. He suggested that sharkskin melt fracture is due to the adhesive 
breakdown of the polymer/wall interface at the die land which causes the melt to slip. 
This implies that the promotion of better adhesion by proper choice of the materials of 
construction for the die land region and/or use of adhesion promoters in the resin will 
yield an extrudate free of surface distortions. 
Hill et al. [5 1] proposed a relationship between the critical shear stress, die geometry 
and work of adhesion, as shown in equation 3.64. They observed that the critical shear 
stress increases with work of adhesion but decreases with increasing die radius. In 
addition, the critical shear stress is not sensitive to temperature due to insignificant 
dependence of work of adhesion on temperature. 
40W, 
st; 
ad (3.64) 
Moynihan et al. [86] pointed out that slip is expected to initiate in the entry or exit 
region rather than die land because the stress at the boundary singularities (die entry 
or die exit) is larger than that in fully developed flow region in the die land. 
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3.4.2.2 Characterisation of sharkskin melt fracture 
Sharkskin is characterised by series of ridges perpendicular to the flow direction 
observed under steady flow conditions [3]. Most commonly, photornicroscopy and 
profilometry is used to measure the severity of sharkskin melt fracture. In these 
techniques frequency and depth of ridges are measured. The longer and greater the 
depth of the ridges, the more severe the sharkskin [84]. 
3.4.3 Slip-stick melt fracture 
The 'spurt' or slip-stick melt fracture is characterised by a pulsating flow generating 
largely periodic surface distortion of the extrudate geometry and pressure oscillation 
in the barrel of an extruder and entry to the die. The onset of this melt defect occurs at 
a second critical shear stress value T2, approximately 50 % higher thancl [85]. It has 
been proposed that the rough sharkskin section corresponds to 'sticking' and a smooth 
section corresponds to 'slipping', as shown in Figure 3-20. It has been pointed out that 
slip-stick melt fracture is a general phenomenon of flexible linear polymers. It occurs 
mostly in high molecular weight polymers with narrow MWD [90]. 
i -1 21 
stick slip 
Oi#mO*mo 
Figure 3-20 Slip-stick melt fracture. 
There are various proposed causes for the slip-stick melt fracture mechanism: melt 
compressibility, critical Hencky strain, melt elasticity and wall slip. 
Blyler and Hart [59] considered slip effects on the stick-slip melt fracture and 
proposed that slip-stick melt fracture is due to slip that occurs within the melt, but 
near the die wall. Kalika and Denn [58] concluded that melt fracture in the slip-stick 
region appears to occur with a failure of adhesion at the melt/metal interface followed 
by re-adhesion when the stressed material near the wall has been removed from 
capillary. 
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However Ramamurthy [50] observed that the material of construction has no effect on 
slip-stick melt fracture i. e. wall slip has a less significant role for slip-stick melt 
fracture, which is not in agreement with the mechanism based on wall slip given 
above [58]. Hatzikiriakos and Dealy [60] considered the influence of melt 
compressibility on the slip-stick mechanism and proposed that slip-stick melt fracture 
is caused by compressing and decompressing the material at the die entrance. A 
smaller dependence on molecular weight exists, with the critical stress increasing as 
molecular weight decreases. Utracki and Gendron [91] disagreed with mechanisms 
based elasticity or slip. They concluded that pressure oscillation is related to the 
critical strain (Hencky) value, c,,, of the melt. Stick-slip fracture will take place when 
Hencky critical strain is exceeded. Slip-stick melt fracture is characterised by a 
change in slope of the flow curve and a periodic fluctuation in extrusion pressure at 
the constant shear rate. As a consequence, the region of the flow curve in which slip- 
stick is observed is always called the oscillating flow region [58,85,92]. 
3.4.4 'Almost smooth' extrudate surface 
Region D in Figure 3-18, represents smooth extrudate surface. This region is beyond 
the slip-stick region. Continuous slip is proposed to be the cause of an 'almost 
smooth' extrudate surface [85]. This type of behaviour is observed at high shear rates 
and only in certain polymers [85] for example polyethylene has found to show a 
smooth extrudate at high shear rates whereas PS has not [90]. 
In this region (at slightly higher flow rates) a low frequency, spiral surface defects 
with very small amplitude may be observed. These defects are due to degrading 
materials sticking to the die exit [85]. 
3.4.5 Gross extrudate distortion 
This is represented by region E in Figure 3-18. It is assumed that turbulence in the die 
entrance region is the main cause of this type of fracture [58,85]. This fracture is 
directly related to shear stress, but has inverse relation with die length [58]. 
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3.4.6 Melt fracture of filled polymer 
There has been limited study about the melt fracture of filled polymer [37]. The 
research so far suggests that addition of filler generally smoothens the surface of the 
extrudate and delays the occurrence of extrudate distortion until higher extrusion rate. 
Minagawa and White [37] arrived at similar conclusion while they studied the 
influence of Ti02 filler on extrudate distortion of a series of polymer melts. White 
and Crowder also found that addition of carbon black to SBR resulted in smoother 
extrudate while the extrudates of uncompounded SBR were grossly distorted over the 
entire range of extrusion rate. They also found that increasing carbon black loading 
and decreasing particle size increases the extrusion rate required to produce surface 
irregularities. 
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Experimental techniques 
4.1 Materials 
4.1.1 Polypropylene 
Two commercial grades of polypropylene supplied by Montell were used in this 
work; most of the work involved just one particular grade called PP LY6100. It is 
primarily intended to be used for the production of oriented tapes via cast extrusion 
routes. In addition, the grade can be used for other extrusion applications. It was 
selected mainly because it offers a desirable balance of rheological properties and 
melt strength. Adstif T2101F is used for extrusion - thermoforming and film 
applications. This grade was selected because it has a broader molecular weight than 
the other grade. The two grades were selected initially on the basis of private 
communication to study the effect of polymer molecular weight. Descriptions of the 
polymers used are given in Table 4-1 
Table 4-1 Technical data for PP LY6100 and Adstif T2101F. 
Product name PP LY61 00 Adstif T2101F 
Product code PPI PP2 
PP type Homopolymer Homopolymer 
Physical form Pellet Pellet 
Melt flow index (ISO 1133) 4.0 g/l 0 min. 3.5 g/10 min. 
Weight average molecular weight. 359000 g/mol. 448000 g/mol. 
Molecular weight distribution 7.07 8.4 
Flexural modulus of elasticity (ISO 178) 1350 N/mm 2 2150 N/mrn 2 
Tensile yield point (ISO R527) 36 N/mm2 41 N/mrn 
2 
Notched Izod impact strength at 230C 2.2 kJ/m2 3 kJ/m2 
Density 
1 
0.905 g/cm 3 0.91 g/cm 
3 7771 
More information about polypropylene is given in the technical data sheet provided 
by Montell, in Appendix A. 1. 
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4.1.2 Talc fillers 
The following grades were selected from the range available. The choice was made 
after measuring particle size and seeing their morphology. Finntalc M-15 was 
supplied by Norwegian Talc. Nytall 400 and SF-10 were supplied by Microfine 
Minerals Limited. Luzenac I OMOOS, 20MOOS and OOS were supplied by Luzenac. 
The technical specification is given in Table 4-2 was taken from product information 
and literature. Data sheets are included in Appendix A. 2. 
Table 4-2 Technical data for talc fillers. 
Product name M-15 N-400 SF-10 10MOOS 20MOOS OOS 
Product code TI T2 T3 T4 T5 T6 
Particle size (d50 ýt M) 4.5 3.98 4.5 3.7 5.0 10.2 
Specific density k g/M3 2750 2850 2800 2780 2780 2780 
Bulk density kg/I 0.35 0.37 0.22 0.24 0.33 0.45 
Oil absorption ml/100g 43 39 60 47 43 36 
The talc series TI, T2, T3 were chosen because of their difference in morphology i. e. 
TI is shows platelet structure under SEM, whereas T2 has lot of needle-shaped 
(acicular) particles and T3 has predominantly rounded shape particles (pseudo 
spherical). The series T4, T5, T6 was taken from the same feed stock but having 
different particle sizes, ranging from d5o values of 3.7 to 10.2 ýt m. 
4.1.3 Surface coatings for talc fillers 
4.1.3.1 Lubricant/dispersant with no reaction with filler 
These types of coating do not have any chemical interaction with either filler or the 
matrix. It acts as a lubricant and is the interphase between the filler and the matrix. 
The material used in this category was a polyethylene wax supplied by BASF with the 
trade name LuWax A Pulvar. The technical data for this coating is given in Table 4-3. 
The reason for choosing this material was to see the effect of a lubricant on the system 
rheology with the view in mind that dispersant would contribute to the dispersion of 
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particulates, influence viscosity and possibly promote wall slip. The data sheet is 
included in Appendix A. 3. 
Table 4-3 Technical data for LuWax. 
Product name LuWax 
Code C4 
Melting temperature (OC) 1 101-109 
4.1.3.2 Lubricant/dispersant with some reaction with filler 
This type of coating forms a link between the filler and the matrix by means of a 
polymer chain, which is reacted at the filler end. The free flowing end of the coating 
is able to form slight entanglement. The material used is a non-functional silane ester 
known as Silquest A 137. The data sheet is included in Appendix A. 3. 
Table 4-4 Technical data for silane A-137. 
Name Octyltriethoxysilane 
Code C3 
Chemical formula CH3(CH2)7S, (OCH2CH3)3 
Formula mol. wt. (g/mol) 276.5 
Boiling point (OC) 98 
4.1.3.3 Chemical coupling agents 
This type of coating has covalent bonds at the both ends. One end reacts with the 
matrix while the other reacts with the filler. 
The material used in this category was an amino silane with the trade name Silquest 
AllOO supplied by Witco. The purpose of this type of coating is to improve 
filler/resin coupling agent as well as filler dispersion in thermoplastic resin. A good 
bonding between filler and polymer means an increase in mechanical properties. It 
was assumed that A1100 will improve the interaction between the talc and 
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polypropylene, which in turn induces better dispersion and may modify melt viscosity 
during processing. The data sheet for this coupling agent is included in Appendix A. 3. 
Table 4-5 Technical data for silane A-1100. 
Name Gamma-aminopropyltriethoxysilane 
Code C1 
Chemical formula CH2NCH2CH2CH2S, (OCH2CH3)3 
Formula mol. wt. (g/mol) 221.3 
Boiling point ('C) 220 
4.1.4 Modified polypropylene coupling agent 
These types of material are functionalised polyolefins. Polybond was used in this 
work, supplied by Uniroyal Chemical Company, Inc. Polybond products function as 
chemical coupling agent and compatibilising agents for filled thermoplastics 
composites. In this research programme Polybond 3200 was used. The data sheet for 
this coupling agent is included in Appendix A. 3. 
Table 4-6 Technical data for maleic anhydride modified polypropylene. 
Composition Maleic anhydride modified homopolymer 
Code C2 
Physical form Pellets 
M. F. 1 (g/10 min) 90-120 
Density at 230C (g/CM3) 0.91 
Melting point ("C) 157 
4.2 Filler coating techniqttes 
A dry coating process was used to coat the fillers. Two pieces of equipment were 
used, a bench top blender and high speed mixer. 
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The bench top blender as shown in Figure 4-1, allowed the optimal coating conditions 
to be selected on a smaller scale, which can then be used to scale up for the high- 
speed mixer in the pilot plant. In addition, it provided a comparison between the 
different methods of coating. 
4.2.1 Laboratory size samples 
A bench top blender was used to investigate the coating mechanism and to 
characterise the interaction between various coatings and talc fillers. The same 
techniques and equipment were used previously to investigate coatings such as stearic 
acid, decanoic acid and behenic acid [1] on Mg(OH)2 filler. A Waring seven-speed 
blender, fitted with an external heating coil to provide heating, was used. It consisted 
of a variable speed motor, which rotated the blades inside a stainless steel vessel. The 
capacity of the vessel was I litre. Speed 3 was selected for these experiments, which 
gives 7000 rpm at a "no load" condition. 
The vessel consists of a two-part lid, the outer part is made of rubber to provide a 
good seal and the inner part is made of plastic. A thermocouple was inserted between 
the two parts and kept in place with the use of tape, so that we can monitor the 
temperature inside the vessel. The heating was controlled by mean of a Variac, hence 
the voltage supplied to the coating vessel represents a measure of the heat supplied. 
Since the capacity of the vessel was one litre this restricted the quantity of material 
that could be coated. Previous work [1] suggests that less than half of the total 
capacity is the maximum feed, which can ensure proper mixing. Considering the 
density of talc, a total mass of 50 grams was therefore selected and was used in all 
Waring coating processes. 
Initially, in order to investigate the effect of coating level on the internal temperature 
attained during the coating process, a series of runs were carried out without coating. 
A thermocouple recorded the temperature inside the vessel. The temperature was 
recorded every 15 seconds until the temperature reached an approximate steady state. 
At the end of each run the Waring vessel was cleaned with a dry paper towel and left 
at room temperature to cool down. This process was repeated for different voltage 
settings in steps of 20 volts to give different heat input levels. The maximum voltage 
setting at which the coil can operate is 80 volts. 
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Figure 4-1 Bench top blender. 
I, his process was also carried Out for Lincoated and selected coated tillers. Initially 
attempts were made to coat talc with two percent of coupling agent CI and afterwards 
with four percent of CI , vithout an), voltage (heat) being applied. Samples were taken 
after every live minutes. It Nvas found that this was not a satisfactory method, as we 
could not see any peaks of Cl in DRIFT FTIR analysis. It was thought that this is due 
to poor dispersion of coupling agent. In order to get better dispersion of coupling 
agent, the silane was diluted with hexane. \vhilst at the same time heating was also 
applied. DRIFT analysis confirmed that coating was achieved. To see whether coating 
of coupling agent could be achieved without dilution and by simply applying heat. 
another set of experiments was conducted. These experiments showed that coating 
can be achieved VVIthOUt dilution on a laboratory scale simply by applying heat. 
The procedure adopted for coating was that the filler was first added to the vessel and 
run on a low speed. The heat was also switched on at this point. The coupling, 'coating 
agent \%as then added after a few seconds. Temperature readings were plotted against 
time, for each heat setting and level of coupling agent/coatings applied. During the 
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course of each run, the Waring blender was switched off for few seconds and material 
was scraped from the vessel's wall to ensure an even dispersion of coupling 
agent/coating. Small samples of selected coating levels (usually one gram, which is 
insufficient to effect mechanical heating) were removed from the vessel during each 
coating run. They were analysed using FTIR to find the time necessary for a full 
reaction to take place between coupling agent/coating and filler surface. 
4.2.2 Large scale processing 
From the study carried out on the Waring bench top blender together with FTIR 
analysis, the level of coupling agent/coating on talc filler was deterinined. It was 
decided to produce batches of filler with 2% wt. level of coupling agent/coating. 
A Turbo Rapid laboratory mixer Model TRV 25 (supplied by T. K. Fielder) was used 
to coat the talc filler, shown in Figure 4-2. The capacity of the Fielder is eight litres. 
The mixer has a variable speed range up to 3500 rpm. The mixing chamber 
temperature can be set by means of a Churchill heater, up to 1400C. It was already 
known from the Waring that the temperature should be sufficiently high for any 
coupling agent/coating reaction to take place. Also it was necessary to add the 
coupling agent/coating drop wise whilst the filler was being agitated in order to obtain 
good distributive mixing of the coupling agent/coating in the bulk of the filler. 
The coated fillers were prepared in batches of one kilogram. For silane coupling 
agent/coating, the temperature of the mixing chamber was set at 800C, and talc was 
added into the mixing chamber when the temperature reached 400C. The filler was 
preheated at a rotor speed of 500 rpm. When the temperature reached 600C the silane 
was added drop wise through the port in the lid of the mixing chamber. The motor 
speed was increased to 3000 rpm and allowed to mix for a further 30 minutes. During 
the mixing period the process was interrupted so that any material sticking to the 
chamber wall could be scraped clear. When adding the wax, the temperature of the 
heating chamber was set to 1200C, keeping other process conditions the same. The 
procedure was carried out to obtain approximately two-kilograms of material for each 
of the coated fillers. 
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Cixcdation of powder 
I Lid 
Discharge port 
\, Motor 
Figure 4-2 High speed mixer. 
Note: the percentage addition levels of coatings/coupling agents are the percentages 
added to the filler. For example, 2.030 kg batch was produced which consisted of 30 
grams of silane added to 2 kg of talc. 
The batches of coated filler produced using Fielder are shown in Table 4-7. 
Table 4-7 Coated filler systems produced using Fielder. 
Filler + coupling agent/coating type and 
level 
Code 
I T3 + 2% wt. Silane Al 100 40T3-2CI 
2 T3 + 1% wt. Silane A137 40T3-lC3 
3 T3 + 2% wt. Silane Al 37 40T3-2C3 
4 T3 + 5% wt. Silane A137 40T3-5C3 
5 T3 + 10% wt. Silane A137 40T3-IOC3 
6 T3 + 2% wt. Silane A137 +PE Wax 1% wt. 40T3-2C3-IC4 
7 T3 + 2% wt. Silane A 13 7 +PE Wax 2% wt. 40T3-2C3-2C4 
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4.3 Characterisation offillers and coating 
4.3.1 Particle size analysis 
Particle size analysis was carried out using two methods, a Malvern Mastersizer and a 
Coulter Counter. 
4.3.1.1 Coulter counter 
This Technique is based on the Coulter effect: if a non-conducting particle in a 
conducting medium is placed within a small aperture, an increase in the resistance 
across the orifice relative to that of the medium alone, is produced. The magnitude of 
this increase in resistance, AR, is related to the diameter of the particle and the 
diameter of the aperture. With suitable external circuitry, this resistance pulse AR 
results in a voltage pulse iAR, where i is the current across the aperture. The resulting 
voltage pulses are counted and scaled using a multi-channel analyser. The system is 
calibrated using monodisperse particles with a known diameter. The output data from 
Coulter counter analyses are in the form of particle volume fraction as a function of 
the equivalent spherical diameter [2]. Typical data outputs are included in Appendix 
A. 4. Staff in the Chemical Engineering department, at Loughborough University 
carried out this part of the analysis. 
4.3.1.2 Laser diffraction 
The particle size and particle size distribution was also measured by a laser scattering 
technique, using a Malvern Mastersizer at Microfine Minerals Limited, Derby and 
also in the Chemical Engineering Department at Loughborough University. Prior to 
sizing, the fillers were dispersed using a dispersion agent (Dispex A40). The values 
d(25), d(50) and d(75) refer to the particle diameters of the filler that reside at 25%, 
50% and 75% of the total volume of filler particle present. The d(50) value tends to be 
quoted as the particle size average, for example 50% of the distribution in the size 
category 6.97 -7.75 ýtm, this means that the total volume of all particle with diameters 
in this range, represents 50% of the total volume of all particle in the distribution. 
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4.3.2 Surface area measurement 
The surface analysis was carried out by the Chemical Engineering Department at 
Loughborough University using the accelerated surface area and porosimetry 
measuring device, model Micrometrices ASAP 2010. This allows the measurement of 
powdered material surfaces on a molecular level, by determining the quantity of gas 
(typically nitrogen, argon, or krypton) that is adsorbed as a monomolecular layer at 
the powder surface [3]. This adsorption process is carried out at, or near the boiling 
point of the adsorbate gas (-196 0C for N2). Under specific conditions, the area 
covered by each gas molecule is known within narrow limits. Prior to analysis the 
sample is heated below the decomposition point of solid (typically 110-130 0C for 
many inorganic substances) under a vacuum of the order of 10-6 mm Hg, to remove all 
physically adsorbed species on the powder surface, (called 'outgassing). The 
degassed sample is then allowed to adsorb the gas mixture; the filler surface area is 
then calculated mathematically based on the BET method. [2,3]. The result is 
reported in m2 /g by dividing surface area by the sample mass. 
4.3.3 Oil absorption and packing fraction analysis 
The oil absorption of tale (coated and uncoated), was measured according to BS 3483, 
Part B7,1982 [4]. There was a deliberate variation from the standard above, so that 
there could be simulation of the behaviour of the filler in the PP matrix. The oil used, 
which is traditionally linseed, can be changed to oil with a polarity similar to the 
matrix [5]. For PP, paraffin oil is adequate as they have both have similar degrees of 
polarity. Talc was accurately weighed out onto a glass plate and placed under a 
graduated burette filled with paraffin oil. This oil was added to the filler drop-wise, 
while being blended into the talc with a spatula. When the mixture contains sufficient 
oil to become sticky and give a smooth (i. e. un-cracked) surface the oil addition was 
stopped, and a reading was taken. Each test was repeated three times for each filler, 
and average values taken. The oil absorption (OA) value (in ml/100g) of the filler is 
given by equation 4.1 as shown below. 
OA =I 
oov 
m 
Where V= volume of oil in ml. 
(4.1) 
107 
Chapter 4 
mass of filler in g. 
4.3.4 Spectroscopic techniques 
4.3.4.1 Fourier transform infrared spectroscopy 
(a) The optical bench 
In Fourier Transform Infrared (FTIR) Spectroscopy, a continuous source of light 
(such as a Nerst Globar) was used to provide light over a broad range of infrared 
wavelengths. Light coming from this source is split into two paths using a half- 
silvered mirror; this light is then reflected from two mirrors back onto the 
bearnsplitter, where it is recombined. One of these mirrors is fixed, and the second is 
movable. If the distance from the bearnsplitter to the fixed mirror is not exactly the 
same as the distance from the bearnsplitter to the second mirror, then when the two 
beams are recombined, there will be a small difference in the phase of the light 
between these two paths. Because of the "superposition principle", this means that we 
will have constructive and destructive interference for different wavelengths of light, 
depending on the relative distances of the two mirrors from the bearnsplitter. The 
basic construction of an FTIR instrument is illustrated in the Figure 4-3. 
Beam spy1tter 
Intcrferometcr 
Sample compartment 
Reference or 
Detector sample cell 
holders 
Source 
assembly 
SWAM beam 
Collimated beam for 
visual alignment 
Figure 4-3 Schematic diagram of an optical bench of FTIR 16]. 
If the intensity of light is measured and plotted as a function of the position of the 
movable mirror, the resultant graph is the Fourier Transform of the intensity of light 
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as a function of wavenumber (cm"). To use the FTIR, the light is directed onto the 
sample of interest, and the intensity is measured using an infrared detector. The 
intensity of light striking the detector is measured as a function of the mirror position, 
and this is then Fourier-transformed to produce a plot of intensity versus 
wavenumber. 
(b) FTIR transmission mode 
Infrared spectra of the coupling agents were obtained using two sodium chloride 
plates. One or two drops of the coupling agent were placed in the centre of the sodium 
chloride plate using a Pasteur pipette. The second plate was place on top and plates 
were gently moved together so that the liquid spread out into a thin film. Plates were 
mounted in a sample holder and which was gently screwed down to hold the plates in 
place. Sample holder was placed in the sample beam of the spectrometer and the 
spectrum was recorded. After running the spectrum, plates were cleaned with 
dichloromethane, on a soft tissue and returned to their storage jar. 
4.3.4.2 Diffuse reflection infrared spectroscopy (DRIFT) 
Diffuse reflection spectroscopy (DRIFT) is the preferred infrared technique for 
studying organic coatings on inorganic powders [7]. Using this technique infrared 
radiation diffusely scattered from the surface of the sample is collected by a parabolic 
mirror (Figure 2-6) and passed to a detector. Steps are taken to eliminate specular 
reflection. Functional groups present in the sample are identified from their 
characteristic absorption frequencies. The technique appears to have some surface 
specificity and can detect surface species more easily than transmission spectra. 
In order to obtain spectra that are comparable, the sample must be diluted to 2.5% wt 
in KBr. This low sample concentration was used to ensure that the recorded peaks in 
the absorbance spectra were below an absorbance of 1, in quantitative terms, as it has 
been noted that above the absorbance of I the peaks in the absorbance spectra were no 
longer linear [1]. 
The first step in the procedure for the analysis of powder samples was to grind a 
quantity of (FTIR) spectroscopy grade KBr to a particle size less than ten microns. It 
is important to use FTIR-grade KBr since less pure KBr can give rise to spurious 
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absorption peaks resulting from hydrocarbon bonds in the region 2800-3000 cm". 
KBr was ground in a Braun coffee grinder, model number KSM-2, for ten minutes 
with frequent breaks (every 30 seconds) to prevent the grinder from over-heating, and 
to scrape the material from the sides and lid, to ensure an even grind. Aldrich 
Chemical Ltd supplied the KBr. 
In practice, 0.5 grams of the KBr/sample mix was produced using ground KBr 
(0.4875 grams) mixed with 0.0125 grams of filler to give 2.5 weight percent of filler 
in the mixture. The samples were vibrated for five minutes using a sample shaker and 
then kept in a desiccator. Samples were then lightly ground in a small mortar with a 
pestle before analysis. 
The prepared sample was placed gently into sample cup so that minimal compression 
of the sample powder occurred, thus providing consistency between sample 
preparations. The top of the material was skimmed to produce a smooth, flat surface. 
Before each use of the DRIFT apparatus it was ensured that all the accessory mirrors 
were free from dirt and dust. Once the equipment was set up a sample of ground KBr 
alone was used to take a background scan. The software automatically ratios the KBr 
background spectrum to each sample spectrum. 
To ascertain the level of coupling agent on the surface of the talc, two peaks in the 
DRIFT spectrum of each coated talc were chosen, one resulting from bond vibrations 
in the talc and other from the coupling agent. The amount of coupling agent present is 
determined from the relative sizes of these peaks. 
The spectrometer settings used are shown in Table 4-8. The received data were 
presented as plots of absorbance against wavenumber. 
Table 4-8 FTIR instrument settings for DRIFT. 
SETTING 
Number of sample scans 400 
Number of background scans 400 
Spectral resolution (cm"') 4 
Scan range (cm") 600 -4000 
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4.3.5 Microscopy 
4.3.5.1 Optical ipicroscopy 
In order to view the morphology of the talc on a microscopic scale, a light microscopy 
method was used. Before images were viewed, 'K6hler illumination' was used to 
optimise the optical path of the microscope. Talc fillers were dispersed in glycerol and 
mounted between a clean microscopic slide and coverslip. Photographs were taken at 
the same magnification to view filler morphology. 
4.3.5.2 SEM 
A Cambridge Stereoscan 360 Scanning Electron Microscope (SEM) was used for 
filler morphological studies and filler dispersion. 
The analysis was carried out in conjunction with the staff of the Electron Microscope 
Unit (EM) at the IPTME. A small portion of talc was dispersed in ethanol; aliquots of 
the suspension were then placed upon a mounting slide to dry. Once dry, each sample 
was sputtered with gold in an Edwards vacuum unit. The prepared sample was placed 
into the chamber of the scanning electron microscope and the SEM sample carousel 
and the sample chamber were then evacuated. Several micrographs were taken at 
various magnifications and positions over the samples. 
4.4 Polymer characterisation techniques 
4.4.1 Gel permeation chromatography 
In order to determine molecular weight and distribution for the PP polymers, gel 
permeation chromatography (GPQ analysis was performed. 
GPC analysis is a form of liquid chromatography in which the molecules are 
separated according to their molecular size [8]. It involves injecting the eluate 
(dissolved in the solvent system used) into a continuous flow of solvent passing 
through a column, containing tightly packed microporous gel particles. Separation of 
the polymer molecules occurs by preferential penetration of the different sized 
molecules into micropores. The small polymer molecules are able to pass through 
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more easily compared to the larger polymer molecules. The separation of the various 
polymer molecule sizes is controlled by several factors including column length, gel 
particle size and micropore size. 
The most commonly used detectors are differential refractometers, which measure 
continuously the difference between the refractive index of the eluate and that of the 
pure solvent. The response from the differential refractometers is proportional to the 
concentration of polymer in the eluate. 
4.4.2 Melt flow rate (MFR) 
The melt flow rates of the compounds used in this study were determined by the 
following BS 2782: Part 7 method 720 A: 1979 [9]. 
The test procedure yields data pertaining to fluidity, in arbitrary units of molten 
thermoplastic under specific conditions of temperature and applied force. As the 
fluidity of the molten polymer depends on the shear rate, there is no simple 
relationship between the results observed with different applied loads and with 
different die dimensions. Owing to the use of varying shear rates, the MFR results are 
primarily of value for quality control purposes. All MFR measurements were carried 
but using the Davenport Melt Indexer model III. The apparatus is a dead weight type; 
the load used was 21.4 N corresponding to a mass of 2.16 kg. The test temperature 
was 230OC; the material cut-off time was every thirty seconds. At least three cut-offs 
were required for each material. The average mass of each cut-off was calculated 
from the individual cut-off masses. 
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Figure 4-4 Diagram of apparatus for measuring melt flo-w index. 
The MFR was determined in grains per reference time. using the formula: 
, 
F) = 
/1.11/ nill 
-, -t 
t 
Wlicrc 
Tt"t = test temperature (T) 
I" = test force (N) 
tiel, reference time (min) 
Illcut average mass (g) ofthe cut-off's 
tCUt cut-off'time interval (min) 
The expailliclit \\as pCIT01-111ccl on ccrtain sclccted COMPOLInds only. 
4.5 Production qf'PPcompoimdv 
4.5.1 Calibration of feeders 
(4.2) 
The K-Tron VOILIIIICtl'IC t\Vlll SCI-ew (volumetric) feeders type T-20 allow the polymer 
and 1-iller to be I'cd separately into the AIIV MPIOTC compounder. Prior to 
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compounding, the speeds of the feeder screws must be calibrated to determine the 
output rate (mass per unit time) as a function of feeder screw rotation speed. This was 
necessary to ensure that the composition of the final compound could be controlled. 
Calibration was carried out separately on each filler/coating and also on the polymer. 
The calibration was carried out by moving the feeder hoppers away from the hopper 
and placing a suitable container at the exit of screws. The feeder screw speed was set 
manually using a ten-turn. potentiometer vernier scale on the feeder hopper control 
panel. Three minutes was an adequate amount of time to run at each speed setting. At 
least three readings were taken at each speed setting. The weight of material output in 
three minutes was taken and the process was repeated for a different screw speed 
setting. A calibration plot, i. e. material output rate (kg/hr) versus feeder speed was 
generated. The total output rate of compounder was the sum of the output rate of both 
the polymer and the filler feeders. Throughout the compounding, the output rate of the 
compounder was kept constant for all compounds, hence total output from the feeders 
must be held constant. To maintain a constant feeder output the relative output of 
filler and polymer were determined from the calibration graph. Since the output rate 
of the hopper varies slightly for a given material and speed, the output at the selected 
speeds were checked prior to compounding and adjusted if necessary. The feeder 
hopper was kept at a more or less constant level by adding material gradually 
throughout the process, since output tends to be greater when the material level in the 
hopper was higher. Also agitating the filler hopper tends to produce a less variable 
output. 
4.5.2 Compounding 
The talc filled polypropylene samples refered to in this report were produced on an 
APV MP30TC twin-screw extruder [10], the specification of which is shown in Table 
4-9. A typical apparatus is shown in Figure 4-5. 
114 
Chapter 4 
Polymer 
Figure 4-5 Typical compounding line. 
Table 4-9 APV MP30TC specification. 
Screw diameter 30 mm 
Screw length /diameter ratio 30: 1 
Screw speed range 0- 500 rpm 
Direction of screw rotation Co-rotating 
Screw action Self-wiping, fully intermeshing 
The controls (independent variables) of the APV twin screw were kept constant for all 
compounds produced, so that reliable comparisons could be made. Figure 4-6 shows a 
schematic diagram of the screw configuration, x. x. Ds indicates the section length 
expressed in multiple of the screw diameter Ds. 
1.5D. 
6P. @60P 
O. 5D. 
1.5D. S 4.5IýF, 0 4DF. 
DIE 
3D. 
12P. @60P 6DF. 
14 FLOW 
3D. 4P. @300 
and 8P. @600 
0 5D, 
0 5.5D, F. 
FEED 
Figure 4-6 Schematic diagram of the screw configuration of APV MP30TC twin 
extruder: S= single lead discharge screw; Fs = Feed screw, PS = Paddles; 0= full 
bore orifice plug with diameter of 28.1 mm; and Ds = screw diameter (30 mm). 
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The function of the feed screw section is to convey material downstream within the 
compounder. The self-wiping action of the feed screw elements ensures that no 
stagnation occurs either between adjacent screws, or between the screws and the 
barrel wall. 
Paddles are mixing elements, and the motion of these elements relative to each other 
and the barrel causes high shear regions, accelerates melting of polymers, and induces 
distributive and dispersive mixing. The paddles can be set at varying offset angles, 
and the degree of mixing increases as the offset angle increases. Orifice plugs are 
situated at the downstream end of mixing section to hold molten material within this 
section for a longer time. The single lead discharge screw was fitted at the end of the 
configuration to generate pressure at the discharge [10]. The generated pressure was 
measured using transducer located at end of the machine, immediately before the die 
entrance. 
Due to the low density and fine nature of the talc, the feed materials had a tendency to 
bridge across the entrance to the extruder barrel, even at slow rates of addition. This 
problem has been described as poor looseness [11], where the particles tend to adhere 
to one another, and this occurs when particle size drops below 10 [tm. To produce 
compounds it was necessary to continually agitate the material in the feed funnel 
manually, with a stiffing rod. 
During the compounding process the total material feed rate was kept constant at 
approximately 8 kg/hour. The screw rotational speed used was 250 rpm whilst the 
torque and die pressure readings were noted. The temperature profile for the 
compounder was set as shown in Table 4-10. 
Table 4-10 Barrel temperature profile. 
Feed zone 100C 
Barrel zone I 1600C 
Barrel zone 2 1700C 
Barrel zone 3 1800C 
Barrel zone 4 1 900C 
Barrel zone 5 2000C 
ýDie 2000C 
116 
Chapter 4 
The actual temperature during the compounding process was measured using deep-set 
thermocouples in each section. A long water bath was provided to quench the strands 
of compounds. A Baughan pelletiser/cooler was used to granulate the extrudate, 
which was then spread out on a drying pan, which was then placed in an oven at 800C 
for 24 hours to drive off residual water left over from the cooling process. 
The compounds produced using APV MP30TC twin screw compounder are shown in 
Table 4-11. 
Table 4-11 Compounds produced using APV MP30TC twin screw compounder. 
No. Compound Code 
1. PPLY 6100 Unfilled PPI 
2. AdstifT2101F Unfilled PP2 
3. PPLY61 00 + 10% wt. uncoated Finntalc M- 15 PPI-IOTI 
4. PPLY6100 + 20% wt. uncoated Finntalc M- 15 PPI-20TI 
S. PPLY6100 + 40% wt. uncoated Finntalc M- 15 PPI-40TI 
6. PPLY6100 + 60% wt. uncoated Finntalc M-15 PPI-60TI 
7. PPLY6 100 + 10% wt. uncoated Talc Nytall-400 PPI-IOT2 
8. PPLY6100 + 20% wt. uncoated Talc Nytall-400 PPI-2OT2 
9. PPLY6100 + 60% wt. uncoated Talc Nytall-400 PPI-6OT2 
10. PPLY6 100 + 10% wt. uncoated Talc SF- 10 PPI-IOT3 
11. PPLY6100 + 20% wt. uncoated Talc SF- 10 PPI-2OT3 
12. PPLY6100 + 60% wt. uncoated Talc SF- 10 PPI-6OT3 
13. PPLY61 00 + 10% wt. uncoated Luzenac Talc I OMOOS PPI-IOT4 
14, PPLY6100 + 20% wt. uncoated Luzenac Talc I OMOOS PPI-2OT4 
15. PPLY6100 + 60% wt. uncoated Luzenac Talc I OMOOS PP 1-60T4 
16. PPLY61 00 + 10% wt. uncoated Luzenac Talc 20MOOS PPI-IOT5 
17. PPLY6100 + 20% wt. uncoated Luzenac Talc 20MOOS PPI-2OT5 
18. PPLY6100 + 60% wt. uncoated Luzenac Talc 20MOOS PPI-6OT5 
19. PPLY61 00 + 10% wt. uncoated Luzenac Talc OOS PPI-IOT6 
20. PPLY6100 + 20% wt. uncoated Luzenac Talc OOS PP 1-20T6 
21. PPLY6100 + 60% wt. uncoated Luzenac Talc OOS PPI-6OT6 
22. Adstif T2 101 F+ 10% wt. uncoated Finntalc M- 15 PP2-IOTI 
23. Adstif T2 10 1F+ 20% wt. uncoated Finntalc M- 15 PP2-20TI 
24. Adstif T2 101 F+ 40% wt. uncoated Finntalc M- IS PP2-40TI 
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25. Adstif T2101F + 60% wt. uncoated Finntalc M-15 PP2-60TI 
26. PPLY6100 + 40% wt. uncoated Talc SF- 10 PPI-4OT3 
27. PPLY6100 + 40% wt. Talc SF-10 + Al 100 2% wt. coated PPI-4OT3-2CI 
28. PPLY6100 + 40% wt. uncoated Talc SF-10 + 5% wt. 
Polybond 
PPI-4OT3-5C2 
29. PPLY6100 + 40% wt. Talc SF- 10 +A 1100 2%wt. coated + 
5% wt. Polybond 
PPI-4OT3-2CI-5C2 
30. PPLY6100 + 40% wt. Talc SF- 10 +A 13 71 %wt. coated PPI-4OT3-IC3 
31. PPLY6100 + 40% wt. Talc SF- 10 +A 13 7 2% wt. coated PPI-4OT3-2C3 
32. PPLY6100 + 40% wt. Talc SF-10 + A1375% wt. coated PPI-4OT3-5C3 
33. PPLY6100 + 40% wt. Talc SF- 10 +A 13 7 10% wt. coated PPI-4OT3-IOC3 
34. PPLY6100 + 40% wt. Talc SF-10 + A137 2% wt. coated + 
wax I% wt. 
PPI-4OT3-2C3-IC4 
35. PPLY6100 + 40% wt. Talc SF- 10 +A 13 7 2% wt. coated + 
wax 2% wt. 
PPI-4OT3-2C3-2C4 
4.6 Ashing test 
Ashing tests were carried out in order to verify the actual filler content of PP 
compounds. The ashing tests were carried out following the ASTM standard D5630 
[12]. This standard specifies general methods, with suitable test conditions, for the 
verification of ash for a range of plastics compounds. The principle of ashing is that if 
the temperature is sufficiently high, the polymer and coating will decompose and bum 
off. Thus, weighing before and after exposing the sample to the heat will determine 
the inorganic filler content of the compound. 
For each sample tested five crucibles were prepared for five determinations. The 
empty porcelain crucibles were ignited in a muffle furnace at 8000C for one hour, to 
ensure that they reached a constant mass before the ashing tests were carried out. The 
crucibles were subsequently removed to a desiccator and allowed to cool before 
weighing. A sample of every compound was dried in a fan oven at II OOC for one hour 
and then five grams of each were weighed into a crucible. Two blank ashings were 
also carried out using unfilled PP and uncoated talc. The crucibles were placed in the 
muffle furnace, at 8000C for one hour. Once the materials were fully ashed the 
crucibles were carefully removed to the desiccator (for at least one hour) before 
finally being re-weighed. The percentage of ash (or residue) can be calculated as 
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%Ash= 
W. *1 x 100 (4.3) Wbefor, 
The average of five-ashing determinations for each compound was taken. 
4.7 Capillary rheometry 
In order to study the rheological properties of the polypropylene compounds, a rate- 
imposed Davenport constant shear rate capillary rheometer was utilised. The principle 
of the experiment is to extrude molten polymer through a die using a piston driven at 
set speed and to measure the pressure drop across the die. 
The Davenport capillary rheometer [ 13] comprises five main parts: 
The heating chamber or cylinder 
The temperature control 
The powered piston 
The pressure measuring system 
Die 
The heating chamber contains a heat conducting barrel, the temperature control 
system precisely controls the extrusion temperature of the sample in the working 
range, namely 100'C to 300'C. The powered piston is driven vertically into the barrel 
by means of a D. C. shunt motor. The speed of the piston is indicated by means of an 
electronic tachometer and can be set for any rate from I mm/min to 999 mm. /min. The 
pressure drop is measured and simultaneously recorded on a chart recorder using a 
pressure transducer, which is located in the wall of the cylinder, 5 mm above the die 
entry point. The output of the transducer varies linearly with the applied pressure and 
has a working capacity of 69 Mpa. Figure 4-7 shows the schematic diagram of a 
capillary viscometer. 
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Figure 4-7 Schematic diagram of capillary rheometer. 
4.7.1 Calibration of pressure transducer and chart recorder 
Pressure transducer and chart recorder were calibrated %ýIth the help of' comparator 
before starting each series of' tests. The method is simple. The comparator assembly 
consists of' small plunger (piston) and cylinder. The cylinder is closed at one end and 
drilled and tapped in two places to accept both the PI-CSSUI-C transducer being 
calibrated and a direct reading pressure gaUge. The transducer is heated to the 
temperature at which readings are to be taken. The comparator was placed near the 
rliconieter. The transducer was unscrewed from file cylinder and screwed tightly into 
the comparator. The lead screw was wound down Lintil the pressure gauge begins to 
show a reading. The pl'CSSLII'C was gradUally increased by manual operation ofthe lead 
scrckk. The readings on the pressUrC readout nicter were compared \kith the recorder 
deflection. Any error in the reading is noted for correction. 
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4.7.2 Calibration of motor speed 
Calibration of motor speed was done before running a series of experiments, by 
marking the slipper block with a graduated scale. Motor speed was set and the time 
taken to travel a marked distance was noted with the help of a stopwatch. Actual 
speed of the piston can then be calculated by simply dividing the distance traveled 
with the time taken to travel that distance and was compared with the speed shown on 
the meter. Any error found was noted for further calculation and compensation. 
4.7.3 Determination of shear flow curves 
At the beginning of the experiment, one of the dies shown in Table 4-12 was fitted 
into the barrel and preheated at the test temperature of 2000C for 10 minutes to allow 
the temperature to reach equilibrium. 
Thereafter, granules of the compounds to be tested were charged into the barrel. 
When the barrel was filled to the top the piston was lowered, at constant velocity, 
until it entered the barrel and began to compress the polymer. The piston motion 
continued until a slight positive pressure was indicated on the chart recorder. At this 
point the piston travel was stopped. The equipment was left in this condition until the 
sample attained temperature equilibrium; this procedure usually took about five 
minutes. 
The piston was subsequently driven at a series of constant vertical speeds to give 
shear rates from 99 s" to higher values, always starting with the lowest speed i. e. 
putting the two speed gearbox into slow gear. As soon as desired the speed was 
attained, the pressure from the chart recorder (provided that it is reasonably steady) 
was recorded and samples were collected at this point for die swell, melt fracture 
analysis and immediately the speed control was operated to set the next selected 
speed. The pressure was recorded as before and samples were collected, the test 
proceeded in the same way for each chosen speed until the process was terminated by 
the operation of the lower limit switch. The process was repeated until sufficient 
readings for flow curves were achieved. At least eighteen different speeds were 
chosen for flow curves taken twice for each die (using all four dies) and average 
readings were used in plotting shear flow curve. One specimen from each speed was 
selected for die swell and melt fracture analysis. 
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Table 4-12 Die specification. 
Die No Diameter (mm) L/D ratio Convergence 
1 1 20 Flat entrance 
2 1 10 Flat entrance 
3 1 5 Flat entrance 
4 1 0 Flat entrance 
The die was removed from the barrel after each run and cleaned by burning off the 
polymer in oven at 4000C and blowing with pressurised air. The barrel was also 
cleaned after each run in order to prevent contaminating the new material with any 
thermally degraded polymer from the previous run. 
Apparent wall shear stress (T ) was calculated from die geometry and recorded 
pressure drop using equation 4.4. 
'r = 
PR 
(4.4) 
2L 
Where 
P= pressure drop measured (Pa) 
R= radius of the die used (m) 
L= length of the die used (m) 
The apparent wall shear rate is calculated from equation 4.5. 
4Q (4.5) 
; rR3 
Where 
Q= volumetric flow rate through die 
R= radius of the die 
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Volumetric output (Q) can be calculated from the velocity of the piston through the 
bore, multiplied by the cross sectional area of the piston. The radius of the piston used 
for this analysis was 9.5 mm (see Appendix A. 8 for details). 
The flow curves (plot of log apparent shear stress against log apparent shear rate) 
were produced, the power law index (n) of each compound was obtained from the 
slope of the plot, when linear interpretations were used. 
In order to eliminate the entrance effect [14], the Bagley end correction was applied to 
yield true wall shear stress (Ttrue). This can be accomplished by plotting measured 
pressure (AP) against the ratio of the die length to die radius (L/R). The x-intercept of 
the plot of the Bagley end correction factor (e) which is applied to equation 4.4, 
yielding equation 4.6. 
(rue 
Where 
Ttrue = true wall shear stress (Pa ) 
P= pressure drop across the die (Pa) 
e= Bagley end correction factor 
L= length of the die (m) 
R= radius of the die (m) 
4.7.4 Die swell measurement 
(4.6) 
In this study, extrudate swell measurement was based on a slow cooling method. The 
extrudate was cooled in air after emerging from the die. The extrudate was cut 
underneath the die and laid "flaf' to cool. The diameter of the extrudate was 
subsequently measured using a micrometer. Each extrudate was measured from top to 
bottom (for five positions) and subsequently averaged. Extrudate swell (B) was 
calculated from the ratio of average diameter to die diameter, as shown in equation 
4.7. 
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Dext 
D 
Where 
Dext = diameter of extrudate 
D= diameter of die 
Four dies of L/D ratio of 0,5,10 and 20 were used in die swell analysis. 
4.7.5 Recoverable strain 
(4.7) 
Since post extrudate swelling is interpreted as evidence of recoverable deformation, 
therefore recoverable shear strain value at die wall was calculated by equation 4.8 
using the measured die swell values: 
3 
2121 BL' = -rR 
1+ 
23 (4.8) 3 rR 
TR 
Where 
BL = die swell from long die 
7R = recoverable shear strain 
Elastic modulus of the melt was deduced from such measurement by using data from 
the shear flow curve and the value of shear strain obtained from equation 4.9. 
G 
'rt. e (4.9) 
rR 
Where 
G= elastic shear modulus (N/M2) 
The swelling from the orifice flow was adopted as recoverable extension, giving 
recoverable strains in equation 4.10. 
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e,. = In Bo (4.10) 
Where 
BO = die swell from orifice die 
The extensional stress was calculated using equation 4.11. 
OýE = (n 
8 
Where 
n= pseudoplasticity index 
PO = pressure from orifice die (NIM 2) 
The extensional modulus E (N/m2) was thus found using equation 4.10 and 4.11. 
E= 
CTE 
CR 
4.7.6 Melt fracture measurement 
During the extrusion of polymer melts, below certain flow rates the emerging filament 
is a smooth 'cylinder', exhibiting normal die swell. At higher rates the extrudate 
becomes irregular but the altered appearance varies from polymer to polymer. At the 
onset of distortion but before the occurrence of gross distortion there is an almost 
universal tendency for the materials to form spirals of one sort or another, i. e. melt 
fracture. 
Frequency can be used as a quantitative measure of severity of the melt fracture. The 
wavelength of the melt fracture was measured for calculation of frequency. 
In order to analyse the severity of surface melt fracture, irregular extrudate obtained at 
higher shear rates from the capillary test was analysed using a shadow micrograph 
with a magnification power of IOx. Subsequently the surface appearance was 
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analysed in terms of surface texture wavelengths (k) which are defined as base width 
of ridges at the extrudate fracture surface, as shown in Figure 4-8. 
Figure 4-8 Extrudate fracture surface. 
This wavelength was then converted to frequency using velocity of the extrudate as 
shown below: 
Frequency = -v (4.13) A 
where 
A= wavelength 
V= average velocity of the melt flowing through the capillary die 
The velocity of the melt was calculated from shear rate as given below: 
0 Ry 
4 
where 
R= radius of the capillary 
y shear rate 
(4.14) 
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Den Otter [15] pointed out the periodicity of the distorted extrudates and measured 
well-defined frequencies for the distorted extrudates of several polymers. The 
periodicity of the extrudate distortion has not been measured for many polymer 
systems, and this technique has not previously been applied to PP/talc composite. 
4.7.7 Wall slip analysis 
Wall slip analysis allows determination of whether the material in the die has the 
tendency to flow in a plug like fashion at the walls of the capillary. There are 
numerous methods available to quantify slippage. The classical Mooney technique, as 
described in section 3.2.3 has been used. 
For this set of experiments the dies were designed to have a constant ratio of length to 
diameter, as shown in Table 4-13, L/D = 10 for all dies used. In order to get a wide 
range of shear rates, six dies were used. The maximum length of die used was 20 mm 
because of practical limitations of the capillary rheometer i. e. to keep the pressure 
transducerjust above the die. 
In this set of experiments flow curves were produced for each of these dies mentioned 
in Table 4-13, wall slip analysis could be carried out on the flow curves. Once the 
0 flow curves were plotted (log r against log y), for each compound, and all dies, a 
constant value of r was set and the corresponding values of shear rate was 
subsequently plotted against reciprocal die radius. Slip velocity can subsequently be 
obtained from the slope of the plot divided by four. As described in section 3.2.3. 
Table 4-13 Die specifications for wall slip. 
DieNo Die Length: Diameter L/D ratio Convergence 
1 20: 2.0 10 Flat entrance 
2 18: 1.8 10 Flat entrance 
3 16 1.6 10 Flat entrance 
4 13 1.3 10 Flat entrance 
5 10 1.0 10 Flat entrance 
6 08 0.8 10 Flat entrance 
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5 Results and discussion I- materials and characterisation 
-5. 
/ Talc parliclesize and morphology 
A number of techniques were employed to qUantitatively determine the surface area, 
sizc and size distribution and qualitatively assess the degree of agglorneration, and 
shape ofthe talc filler particIcs. 
5.1.1 Talc particle morphology 
5.1.1.1 SEM 
A scanning electron microscope was used to examine the morphological structure 01' 
the talc filler as detailed in section 4.3.5.2. The exact morphology of the commercial 
talc depends upon the chernical composition of the rock deposit from where it is 
excavated [I] and the grinding procedure applied. 
Figure 5-1 Photoinicrograph of tale grade TI (magnification 1500). 
Figure 5-1 shows a SFM photomicrograph of' the uncoated talc grade Tl at a 
magnification of' 1500. Tl is the grade supplicd by Norwegian Talc having the 
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commercial name Finntalc M-15. The average particle size quoted bý tile 
manufacturer is d(50) of4.5 ýtm. Looking at FIgUre 5-1 it appears that this sample of 
talc consists of a broad particle size distribution. ]'here are some very large particles 
present in the samples along with some minute particles. However, particles do not 
seems to be agglomerating. 
Figure 5-2 shows the sarne talc at a higher magnification showing one of tile biggest 
particles and reveals the plate like shape of the talc particles. In other words they have 
a moderately high aspect ratio. The image clearly shows that the larger particles are 
made Lip ofstacks of sheet layers. 
I 
V V 
Figure 5-2 Photomicrograph of tale grade Tl (magnification 3000). 
FILýUrc 5-3 shows a photograph of T2 grade, which is Nytal 400 and was supplied bN 
Microfine Limited. The average particle size d(50) quoted by the manufacturer is 3.98 
prn, for this particular grade of talc. However, Figure 5-3 reveals that this grade of' 
talc contains fibrous (acicular) particles. The particle size distribution is quite broad. 
There are a few large particles (by '111.1inber') but the largest particles are around 10 
microns and are not as big as observed in TL There are some smaller fragments of 
particIcs also prescnt in the systcm. 
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Figure 5-3 Photomicrograph of talc grade T2 (magnification 1500). 
FIgUre 5-4 shows the same photograph at a higher magnification. As it can he seen, 
there are many small particles present in this system along with some big particles, 
giving a wide particle size distribution. 
Figure 5-4 Photomicrograph of talc grade T2 (magnification 3000). 
FIgUrC 5-5 shows talc T3 at a magnitication of' 1500. This talc was also SLIP11hed by 
Microline Minerals Limited and lias the trade name Microtal SF-10. The average 
particle size qUoted tor this grade oftaic by the nianulacturer is in the range ol'4.5 - 
7.5 [im, which seems to be in agreement with the SF'M microphotograph. The particle 
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size distribution is quite narrov, and the sample does not seem to contain any ox, crsizc 
particles. It was considered these '1'3 particles to bc *blocky' that is mostly splicrical. 
Figure 5-5 Photomicrograph of talc grade T3 (magnification 1500). 
Figure 5-6 shows the talc T') at a higher magnification. As can seen, at a higher 
magnification, this talc does not contain sniall fi-agments as the other talc fillers (TI 
and T2) and mostly the particles are within the range specified by the manutIlcturer. 
Figure 5-6 Photoinicrograph of talc grade T3 (magnification 3000). 
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Figure 5-7 shows the finer details ofT3 at the five micron scale. It is certain that tills 
talc does not contain fine fragment of particles. The rough edges, Which were sCCll, 
arc generated by breakage of silicate plaries in the mineral ý, vhcil the talc rock is 
ground to produce fine particles. At this magnification it was seen that there M, e 
1'ewcr talc particles stacked together. 
14 
Figure 5-7 Photograph of tale grade T3 on higher magnification. 
Figure 5-8 shows a photornicrograph of coated talc 'I") with coupling agent Cl. The 
Cl is y-arninopropyltriethoxysi lane (A] 100), 2% wt. CI was used to coat the filler. 
Comparing Figure 5-6 and Figure 5-8 it seerns that the coating process does not affect 
the fillcr in ternis of particle shape. 
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Figure 5-8 Photo micrographs of talc T3 coated with 2% wt. CI (magnification 
3000). 
The photornicrographs (Figure 5-1 to Figure 5-6) reveal the plate like shape ofthe talc 
particles. In other words they have a moderately high aspect ratio. In tile image it is 
clear that the larger particles are made Lip of stacks of sheet layers. The planar 
surfaces of the platey StrUcture talc particles are held together by weak Van der 
Waal's forces [1]. 
It is apparent from Figure 5-2 that the samples contain a very broad particle size 
distribution and the crystal forms mostly contains plate-like (lamellar) particles and 
very te\, v particles are large. 
The T2 grade was shown to contain a large amount of needle-shaped particles 
(acicular). A SFM micrograph for Nytal shown by George I I] also shows that this 
particular grade oftalc contains large amount ot'needle-shapcd particles. 
The 'I") grade has a narrow particle size distribution with a spherical shape. The 
particles do not appear to have agglomerated. 
The particle morphology is also confirmed by microscopic analysis of' the talc 
particIcs in section 5.1.1.2 (Figure 5-9 to Fli,, Lirc 5-11 
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5.1.1.2 Optical microscopy 
Optical microsctTy was used to examine particle morphology on a microscopic scale 
'it a ma, onilication of 340. Figure 5-9 (below) shows a typical result obtained for talc 
grade Tl. Optical microscopy results show that TI particles are of' a platey IlatUre. 
I lowcvct-, with this sample Ewer large partzicks can seen campared to SEM analysis. 
along with smaller particles. The optical microscopy confirms the results obtained 
from SFIM, in a qualitative sense. 
jr 
.- "'b 
u 
Figure 5-9 Particle morpholo*, of talc particles (grade TI) as observed in 
common light by optical microscopy (magnification 340). 
FigUre 5-10 shows a photograph obtained from optical microscopy of talc T2. This 
photograph reveals that this sample of talc (T2) contains fairly large amounts of 
acicular particles and some much larger particles. SEM analysis observed a similar 
pattern at a higher resolution 
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Figure 5-10 Particle morphology of talc particles (grade T2) as observed in 
common light by optical microscopy (magnification 340). 
Figure 5-11 shows talc grade T-3 ) as observed under an optical microscope. This grade 
was also observed at the sarne magnification as the other grades. It can be seen that 
there are no large particles present in this sample of talc, as was observed xvith TI and 
T2 samples. The particles are of similar size as apparent from the Figure 5-11. This 
again confirms the SEM observation. 
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Figure 5-11 Particle morphology of talc particles (grade T3) as observed in 
common light by optical microscopy (magnification 340). 
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The following conclusions can be drawn from section 5.1.1. The SEM micrographs 
are in agreement with optical microscopy results and generally all the talc fillers used 
were finely ground. 
The morphological structure of talc TI is generally of a fine plate-like (lamellar) 
nature, in other words they have a moderately medium aspect ratio as compared to 
talc T2. There are very small numbers of large particles present in the sample T1. It is 
apparent that the smaller fragments are around I ýtm in diameter. In the image it was 
clear that the larger particles are made up of stacked sheet layers and these layers are 
held together by weak Van der Waal's bonds as is reported in literature [1]. 
T2 grade of talc contains a significant amount of needle shape (acicular) particles, 
which makes T2 high aspect ratio talc. The average of size of the larger, particle is 10 
ýtm. 
T3 is mostly spherical/blocky. The photograph shows that this talc has a narrow 
particle size distribution. 
The table below summarises the information obtained. 
Table 5-1 Tale properties for individual grades. 
Product Name Product Code Manufacturer data 
d(50) ([tm) 
Particle morphology 
M-15 TI 4.5 Platey 
N-400 T2 3.98 Acicular 
SF-10 T3 4.5 Mostly Spherical 
10MOOS T4 3.7 Platey 
20MOOS T5 5 Platey 
00S T6 10.2 Platey 
From the table we can see that median size d(50) range for the p'afti*cles is between 3- 
10 (gra), which is considered to be a medium grade. The three gýa4es ,TI, 
T2 and T3 
have nearly the same particle size d(50) but they vary considerably in morphology. 
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Talc T4, T5 and T6 vary in particle sizes and have similar morphology obtained from 
same feed stock. This was also confirmed by SEM analysis. 
5.1.2 Particle size analysis 
Particle size analysis was carried out on the uncoated talc using two separate 
techniques, as described in section 4.3.1. Raw data obtained from these measurements 
is given in Appendix A. 4 and A. 5. Table 5-2 shows the particle size d(50) data , for 
all the grades of talc, which were used in this study. 
Table 5-2 Particle size data for individual grades of tale fillers. 
Product Morphology Particle size d(50) ýtrn 
Code Manufacturer 
Data 
Coulter Counter Malvern Sizer 
T1 Platey 4.5 7.16 8.60 
T2 Acicular 3.98 5.75 6.95 
T3 Mostly 
Spherical 
4.5 3.56 5.85 
T4 Platey 3.7 - 7.89 
T5 Platey 5 7.33 9.72 
T6 Platey 10.2 10.58 17.11 
The results of the particle size analysis as shown in Table 5-2 and values quoted by 
the manufacturer show how the different methods of measurement affect the particle 
size results, for example, data sheet quotes 3.98 ýtm, Coulter have a reading 5.75 ýtrn 
and Malvern have a reading of 6.95 ýtm for T2 grade of talc. The phenomenon on 
which the measurements are based are very different. Sedimentation technique takes 
into account the particle speed in a liquid, Coulter relies on changes in electrical 
impedance, whereas Malvern uses diffraction of light (laser beam). All the techniques 
work very well for spherical particles and the values obtained are also similar [2]. For 
talc, which is not spherical but lamellar, different techniques will give different 
particle size value and distribution for the same grade of talc [2]. Therefore it is 
necessary to quote particle size and distribution with reference to the analytical 
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method employed. The micrographs shown in section 5.1.1 shows how the particles 
of talc are generally platey in nature. The values obtained by Malvem were 
considered in the analysis. 
5.1.3 Surface area measurement 
The surface area measurements (using nitrogen absorption, BET analysis) of six 
grades of the talc are given in Appendix A. 6, and a summary of the results is 
presented in Table 5-3 The analysis shows that the needle shaped particles have the 
highest BET surface area. 
Table 5-3 BET surface area for individual grades of talc fillers. 
Product 
Code 
Morphology Particle size 
d(50) (gm) 
BET Surface Area 
(MI/g) 
TI Platey 8.60 4.77 
T2 Acicular 6.95 23.3 
T3 Mostly Spherical 5.85 4.95 
T4 Platey 7.89 3.79 
T5 Platey 9.72 3.81 
T6 Platey 17-11 2.33 
The high value of talc T2 is in agreement with the SEM micrograph which shows that 
the talc T2 has needle shaped particles as particle having needles should give a higher 
specific surface area. 
The particle size results from Malvern are not in agreement with BET surface area 
results (in Table 5-3). In case of spherical particle the surface area increases as the 
particle size decreases, but we do not have increase in surface area when the particle 
size is decreasing. The reason is due to the platey nature of talc particles. 
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5.1.4 Summary of talc particle properties 
Table 5-4 surnmarises all the information gathered so far about talc particle 
properties. 
Table 5-4 Talc particle properties for all grades. 
Product Morphology Particle size d(50) (gm) BET 
Code 
Manufacturer 
Data 
Coulter 
Counter 
Malvern 
Sizer 
surface area 
(M2/g) 
T1 Platey 4.5 7.16 8.60 4.77 
T2 Acicular 3.98 5.75 6.95 23.3 
T3 Mostly 
Spherical 
4.5 3.56 5.85 4.95 
T4 Platey 3.7 - 7.89 3.79 
T5 Platey 5 7.33 9.72 3.81 
Platey 10.2 10.58 17.11 2.33 
As seen from the table above that the manufacturers are generally quoting lower 
values of particle size. Coulter Counter gives slightly lower values then Master sizer, 
highest values are given by the Master sizer. One of the reasons for obtaining 
different values for the same talc is that talc is not spherical. Different techniques use 
numerical manipulation, which suits their measuring technique to approximate the 
size to an equivalent sphere diameter. If talc had been of a spherical nature then we 
would have seen similar values for different techniques. 
Sedisperse (manufacturers method) uses a sedimentation technique, equating the 
particle size to its terminal velocity through a viscous liquid. A non-spherical particle 
will hence give a false reading and if the particle is platey, it may fall through the 
liquid faster if it orients in a vertical fashion, giving higher sedimentation velocity, 
and hence an apparently smaller particle size. 
Examining the top size d(90) in Table 5-5 of three fillers that is Tl, T2 and T3 It can 
be seen that the top size of TI and T2 are nearly equal. However, the top size of T3 is 
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low in comparison with the TI and T2, which makes this filler a narrow size 
distribution filler. This result is in agreement with SEM analysis in section 5.1.1.1. 
Looking at T4, T5 and T6, it wa§ found that the difference between T4 and T5 with 
respect to d (90) is not so large but the difference with T6 in comparison to T4 and T5 
is large. In other words T4 has a narrow particle size distribution, and the particle size 
distribution increases with T5 and T6 fillers. 
Table 5-5 Particle sizes for all grades of talc. 
Filler Particle size (gm) 
Code 
d(I 0) d(50) d(90) 
TI 3.09 8.6 18.57 
T2 1.79 6.95 20.07 
T3 2.2 5.85 12.07 
T4 3.22 7.89 16.03 
T5 3.52 9.72 21.19 
T6 4.57 17.11 47.4 
Talc is frequently thought of having either needle-shaped or platey particles. In 
section 5.1.1 it was found that six grades of talc fell into three morphologies i. e. 
platey, acicular and spherical. 
Comparing photographs from SEM analysis and optical microscopy that SEM was a 
much better technique for analysing the filler morphology, with the higher resolution. 
However, the morphology observed using both the techniques were in agreement. 
Similar equivalent sphere diameter (esd) particle size distribution gives no indication 
of filler surface area without considering shape factors [3]. Looking at the BET 
surface area we see that TI particles have the lowest values i. e. 4.77 m 2/ g, whereas T3 
particles have slightly higher surface area 4.95 m2/g. The reason could be that T3 
grade of talc does not contain large particles as seen in SEM micrograph (Figure 5-5) 
and particle size values from Table 5-5. 
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The surface area of T2 particles was quite high, which was in agreement with the 
shape observed under SEM/optical microscopy that this talc contains acicular 
particles. 
5.2 Laboratory small scalefiller coating analysis 
This section gives the results obtained from the analysis carried out using the Waring 
bench-top blender to coat talc fillers. The experimental details are given in section 
4.2.1. 
5.2.1 Time/temperature analysis 
In order to determine the duration and temperature necessary to produce a fully 
reacted coating on the surface of the filler, the following sets of results were 
produced. 
5.2.1.1 Effect of heat applied 
The temperature is controlled by means of the application of a voltage to the external 
heater coil on the Waring blender, as discussed in section 4.2.1. Initial analysis using 
the Waring was to determine the temperature attainable with various applied voltages. 
This was carried out with the following sets of samples. 
" T3 with no coating (0,20,40,60,80 volts). 
" T3 with 2% wt. C1 (0,40,60,80 volts). 
" T3 with 2% wt. C3 (0,40,60,80 volts). 
Coating Cl is y-aminopropyltriethoxysilane with the trade name Sliquest Al 100 (see 
section 4.1.3.3 for details). It is suggested that the silane functional group will 
hydrolyse and subsequently react with the OH sites on the talc filler, while the 
organofunctional group will entangle with polymer molecular chains by physical-type 
interactions. The purpose of this type of coupling was to improve filler/resin coupling 
(and possibly filler dispersion) in thermoplastic PP filled with talc. 
Coating C3 is sold by the trade name A-137. This is a silane having a chemical name 
octyltriethoxysilane (CH3(CH2)7Si(OCH2CH3)3) (see section 4.1.3 for details). This is 
generally represented by a molecular form R-Si=-(OC, H2n+1)3- In this type of coating 
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alkoxy end group bonds to the filler surface, whereas alkyl groups are intended to aid 
in the dispersion and do not chernically interact with the Pl'. It was supposed that 
coating C3 would act as a hibricant/dispersent in the system. 
Figure 5-12 shows the temperature attained by an uncoated talc in the Waring blender 
f'or various voltage settings. In Figure 5-12 the temperature rises with both time and 
applied voltage. Tile rise in temperature with time is steep when a high input voltage 
is being applied. It is obvious that with the increase of voltage, the blender coil gets 
heated and hence the temperature inside the blender increases. However it was 
observed that an increase in temperature occuring with time even without a voltage 
being applied. At the start of blending the talc particles inside tile blender start to 
become agitated, in doing so they collide with one another and therefore frictional 
heat builds inside the blender which, caused the temperature to rise. The runs to 
determine the temperature attained in the vessel gave a good indication of' tile voltage 
required and the time taken to heat tile filler to a given temperature. 
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Figure 5-12 Temperatures attained for various voltages applied to the heater coil 
of the Waring blender for talc filler '173 uncoated. 
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Figure 5-13 Temperature attained for various voltage applied to the heater coil 
of the Waring blender for talc T3 2'YO wt. of coating Cl. 
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Figure 5-14 Temperature attained for various voltage applied to the heater coil 
of the Waring blender for T3 2'Y(, wt. of coating C3. 
It can he scen 1'rom Figure 5-13 and Figurc 5-14 that at low voltage the temperaftil-C Of 
the talc coated with Cl and (") increases gradually with increase in coating time Lintil 
15 minutcs. At highcr voltage (40 and go volts) the temperature inci-cases rapidly with 
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an increase ill coating period and reaches a nla\11111.1111 IIILICII 11101-C gi-adUally. The 
COatllli. ý CLII-VCS show greater tcmpcraturc increase ý, vith higher voltage applied. Similar 
observations have been noted by other rescarchcrs 14,51 working with magnesium 
hydroxide 1-illers. As a preliminary study, prior to I'Lill coating runs, it provided 
i111,01-Illation Oil the Period of' tinic neccssary to clispci-se the coating in to the bulk ol' 
the fillcr, and licnce prodLICC CO]III)Ictc coverage and surface reaction. 
To see the cl'l'cct of coating type at variOLIS voltages (licat input), temperature was 
plotted against time for clitTercm coatings. As can be seen from Figure 5-15, there was 
not much difilcrence in temperature attained without any external heating being 
applied. The increase in temperature within the vessel with no external heat input, was 
largely due to frictional heating from the collision of the filler particles and also 
possibly due to motor heat. ('['lie latter affcct shOUld be considered as a constant value, 
as the motor speed remains constant). One of the reasons of not seeirig" ally 
increasc/decreasc in temperatUre would be that small aIIIOLIIItS of silane were used 
necessary to coat the filler particles and therefore did not make any difference in the 
bulk terriperatUre achieved in a small-scale mixer. 
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Figure 5-15 Temperature attained versus time for uncoated and various type of 
coating added talc without any voltage being applied. 
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Figure 5-16 shows tile efTect of coating on tile temperature attained mth external 
heating being applied (40 volts). It can be seen that with 40 volts applied there is no 
difference between Lincoated and ("i coated 1-illcr. I lowever with Cl coating we see 
that there is an increase in temperature attained. The elevation of temperati-ire within 
the vessel is largely due to the heat applied via the heating coil when external heat 
(voltage) is applied. 
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Figure 5-16 Temperature attained versus time for uncoated and various type of 
coating added at 40 volt being applied to heating coil. 
Figure 5-17 shows the effect of' coating type on tcniperature attained inside the Z-- 
blender for a voltage ot'80 volts applied to the heating coil. Increasing the voltage of 
heating coil does not make any difference to the temperature attained in the blender 
with various coating types. 
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Figure 5-17 Temperature attained versus time for uncoated and various type of 
coating added at 80 volt being applied to heating coil. 
It was found necessary to apply heat to the filler /coating systern in order to "react" 
the coating onto the surface. The temperature inside the Waring blender was 
monitored via a thermocouple, the best result would be obtained by keeping the sarne 
position Im this for all coating runs, but this was not practically possible as the 
thermocouple was held in place only with tape. Since the thermocouple was removed 
after each set of runs for cleaning purposes, the temperatures attained are cornparable 
within any set. The runs to determine the temperatures attained in the vessel gave a 
good indication of' the voltage required and the time taken to heat the filler/coating 
systern to a given temperature. Studies done on M9(0102 [4] suggested that the filler 
Must be preheated (160()C) and flUidised before adding fatty acid coating. Sadler [61 
suggested use ofheat and spraying the silane slowly into the high-shear mixer. 
5.2.1.2 Effect of coating level 
DIIICrent IcvcIs ol'coating were added to the talc f-iller to assess the ct'tect of' coating 
on the temperature attained in the chamber at a given voltage setting. For the varying 
levels of'Cl added (see FigUre 5-18) the voltage applied to the external heater was 40 
volts in all cases. 
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Figure 5-18 Temperature attained for various coating level in the Waring 
blender for T3 at 40 volts (Effect of coating level). 
It seerns that the presence of' a higher level of' coating only at 8% wt. reduced the 
temperature in the vessel. The rise in temperature in the mixing charnber of tile 
blender is mainly due to the heating coil, however, the frictional heating due to 
collision of particulate over the mixing cycle also contributed. The reduction in 
temperature due to high level coating can be interpreted as reduction in frictional 
heating due to the coating and less heat transIler from the wall to the chamber. It was 
observed that with such a high percentage of' silaile, the talc gets coated with an 
excess level ofadditives. This fully coated talc sticks to the wall ofthc blcndcr, which 
decreascs the heat transter from the heating coil to the mixing chamber and thus 
results In a clecrease in lenipcrature. 
FigUre 5-19 is a plot of' temperature vel'SLIS percent coating Lit a fixed time (I 5-min). 
I lere we can see directly the effcct of' coating. Addition of coating slightly increases 
ternperatUre inside the vessel except at 8% wt. of coating level, which redUces the 
MIIPCI'ýItLlre. 
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Figure 5-19 Temperature attained versus coating level in the Waring blender at 
a fixed time of 15 minutes and 40 volts for T3 flller. 
5.2.2 FTIR DRIFT analysis 
FTIR DRIFT analysis was carried out on samples removed from the Waring coating 
vessel at intervals during coating runs. These samples were analysed according to the 
technique described in section 4.3.4. The Infrared absorption by uncoated talc T3 and 
coupling agent C I, C2 are shown in Figure 5-20 to Figure 5-22. 
5.2.2.1 Infrared absorption by uncoated talc 
Infrared scans of the original uncoated talc were obtained by DRIFTS analysis, 
following the procedure described in section 4.3.4.2. Figure 5-20 shows the resultant 
spectra in absorbance format. The observed absorption bands are listed in (Table 5-6) 
with the appropriate functional group assignment. 
The bulk molecular arrangement of talc [Mg3Si4Olo(OH)21 is in the form of sheet 
layers of magnesium silicate containing chemically bound water and planar surfaces 
of the platey structure talc are held together by weak Van der Waal's forces [I]. There 
is little variation in the chemical composition of talc; sometimes small amounts of Al 
or Ti substitute for Si. Magnesium atoms are some times substituted by nickel or iron 
[7]. 
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Table 5-6 Functional group assignments for uncoated talc bond absorbances. 
Absorption Peak/cm-1 INFERENCE 
3676 The triplet indicates the amount of substitution in the 
octahedral layer. These peaks may be assigned to hydroxyl 
3660 
groups surrounded by three magnesium atoms, two 
3650 magnesium atoms and one substituent (iron or nickel) and 
one magnesium and two substituents respectively. [7] 
3570 The broad bands around 3570 and 3420 cm" indicate the 
amount of chloride in the sample. [7] 
3420 
2350 Atmospheric carbon dioxide 
1640 Weak absorbance arising from water of crystallisation within 
KBr. 
1465 Surface carbonates [7] 
700-900 A cluster of peaks arising from further OH absorbances, Mg- 
0 out of plane vibration and Mg-O-Si in plane vibrations [8] 
1000 Strong broad band absorption of Si-O-Si from Si04 
tetrahedra within the talc [9]. 
1050 
650 Si-O asymmetric stretch 
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Figure 5-20 A typical DRIFT spectra for uncoated tale T3. 
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5.2.2.2 Infrared absorption by coupling agent 
Infrared spectra of all the pure coupling agents were obtained by using the method 
given in section 4.3.4.1. The peak of interest in the spectra of silanes were in the 
region 2800cm*1 to 3000cm-1, arising from C-H bond absorptions. The intensities of 
these peaks were directly related to the alkyl chain length in each coupling agent. 
Table 5-7 Functional group vibrations of silanes. 
Absorption Peak/cm7l INFERENCES [9,10,11,12] 
2941 Si-alkyl 
1190 to 1176 Higher alkyl chains > Si-CH2(CH2)2CH3 
1000 si-O 
1575 Amine group cordinated to the silicon atom 
1120 to 1193 Propyl Si-CH2CH2CH2 
1198 to 1190 Butyl Si-CH2(CH2)2CH3 
2817 and 1190 Methoxy silane SiO-CH3 
769 to 667 CH2 rocking in the alkyl sustituents 
1333 to 769 Low intensity absorptions due to branching of the butyl 
group 
2899 and 1471 to 1408 CH3 stretching and deformations 
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Figure 5-21 Infrared absorption spectrum of coupling agent C1. 
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Figure 5-22 Infrared absorption spectrum of coupling agent C3. 
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5.2.2.3 Quantitative infrared measurement 
The infrared spectra of the uncoated talc and coupling agents were obtained using 
DRIFTS and FTIR spectroscopy, respectively. The task was then to locate a suitable 
internal reference band in the talc spectrum, as well as for silane, a band on which to 
measure silane adsorption. In addition, these two bands should be located within a 
narrow frequency interval to allow for good subtraction. The mineral band should be 
reproducible, unaffected by silane treatment. The silane absorption band should 
preferably be located in a frequency interval where the mineral does not absorb. The 
final choice falls on the sharp non-hydrogen bonded OH stretch peak at 3676 cm" and 
for integration of silane the CH band at 2928 cm-1 was been selected. This region 
coincides with the region in the uncoated talc spectrum in which there was no intense 
absorption peaks. Hence absorption peaks arising from both the coupling and the filler 
are detectable in the spectra's for coated talc. It was possible to ratio the absorbancies 
of these two spectral bands, thus providing a quantitative measure of filler coating 
concentration. 
Figure 5-23 shows an example of subtracted and unsubtracted infrared spectrum of 
talc coated with Cl (2 % wt. ). It is apparent that the absorption peak at around 2928 
cm", arising from the stretching vibration of C-H bonds in the alkyl chain of the 
coupling agent, is not distinct in the unsubtracted spectrum. This is because it is 
masked by the infrared absorption of talc. In order to make the coupling agent peak 
visible, it is necessary to subtract the spectrum of the uncoated talc from that of the 
coated, the coupling agent peak is then revealed in a difference spectrum. 
Thus in the subtracted DRIFT spectra of talc coated with silane it was possible to see 
CH absorption peak due to alkyl chains of coupling agents. 
To account for the slight differences in sample concentrations encountered when 
diluting specimens in ground KBr it was necessary to normalise the subtracted 
spectrum. This was achieved by reducing the non-hydrogen bonded hydroxyl 
absorption peak at 3676 cm"' in the talc spectrum to zero and then reducing each of 
the remaining peak absorbances by the same amount. The final spectrum obtained 
showed the CH absorbance of the silane alone. The remaining part of the silane 
spectrum was usually masked by large and variable absorption of the talc in the low 
frequency end of the infra red spectrum. 
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Figure 5-23 Subtracted Spectrum of coated talc coating used is CI 2% wt. 
5.2.2.3.1 FTIR DRIFT Coating Time Analysis 
FTIR timing analysis was carried out on talc T3 with 2% wt. C I. The heater coil for 
the Waring blender was set to 40 volts. The samples coated with silane CI were taken 
from the Waring blender at five minute intervals and were analysed by FTIR using the 
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DRIFT techniques. The quantity of silane present at the talc surface was determined 
by subtracting the spectrum of an uncoated talc sample from that of the coated talc. 
To account for the variations in DRIFTS samples concentration, the peak absorbance 
in the subtracted spectrum are normalised to a peak that is not affected by the coating 
I process which is the talc absorption peak at 3676cm' , arising from the vibrations of 
the internal O-H bonds in the octahedral layer of the talc. 
Integrated area due to CH absorbance obtained from DRIFT is shown in Figure 5-24. 
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Figure 5-24 Normalised CH absorption peak area against coating time for talc 
T3 + silane C1 (2 %). 
It can be seen from Figure 5-24 that the C-H absorption peak area is increasing up to a 
value of 3.7, and possibly levelling around 25 minutes. Also most of the reaction 
occurs for the first 5 minutes of the coating run. This comprises of heating the talc to 
400C with 40 V applied to the heating coil and adding the coating slowly. A total time 
of 60 minutes was used. It was shown in Figure 5-13 the graph of temperature versus 
time for CI coated talc so that the actual temperature in the mixer can be studied. 
It is clear from the results of this study that heat is necessary for coating and once 
there is at an appropriate temperature for a sufficient time, a complete reaction 
between filler and coating occurs within the first 5 minutes of coating. Raymond [4] 
studied the coating time by rationing CH absorption peak areas to the area of the peak 
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arising from the absorbance of non hydrogen bonded hydroxyl functions present in 
the Mg(OH). 
5.2.2.4 FTIR DRIFT coating level analysis 
Having established the time necessary to coat talc T3 with silane Cl, different levels 
of coating were then applied to the talc T3 in Waring blender with appropriate heating 
voltage set to give sufficient heat for the coating to reach its reaction temperature. 
Initially, different levels of CI were added to the talc, in the Waring blender at 40V 
for 30 minutes coating time. Figure 5-25 shows plot of CH absorption peak area in the 
subtracted spectra of the y-aminopropyltriethoxysilane coated talc against coupling 
agent concentration. 
From Figure 5-25 it can be seen how the peak area increased with increasing amount 
of coating. however, this increasing peak area, with no levelling off is not an 
indication of continuing reaction. 
As proposed by Sadler [6] monolayer coverage of silane may be expressed as follows: 
% wt. silane, for monolayer = 
surface area of filler (m'/g) x 100 (5.1) 
surface area coverage of silane (m'/g) 
As given by Sadler [6] the surface area coverage of CI (A I 100) is 353 m2/g, therefore 
theoretically weight % silane for monolayer should be 1.40. 
It was concluded from this calculation and the Figure 5-25 that 2% wt. of silane CI 
would be enough to give monolayer coverage. Whatever silane appears in the graph 
above 2% wt. is due to unreacted silane. 
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Figure 5-25 Normalised CH absorption peak area against concentration of Cl 
(Waring 40 V, 30 minutes). 
In all cases the samples were analysed using 400 scans. Good spectra were generally 
obtained with accurate sample weighing, using dry and freshly ground KBr and 
allowing sufficient purge time to remove water vapour from the talc. 
Initially infrared spectra of the uncoated talc and coupling agents were obtained using 
DRIFTS and FTIR spectroscopy, respectively. The peaks were identified in Table 5-6. 
The free-OH peak at 3676 cm" was used as an internal standard. This peak is only 
found in talc and is not affected by adsorption on the talc surface. A region in the 
uncoated talc spectrum was located in which there was no intense absorption peaks. 
This region coincides with a strong absorption band in the coupling agent spectrum 
(2800 cm7l to 3000 cm"). The absorption peaks therefore arising from both the 
coupling and the filler are detectable in the spectra for coated talc, which can be 
clearly seen as subtracted spectra. Integrated areas due to CH absorbance were 
obtained from DRIFT thus providing a quantitative measure of filler coating 
concentration. 
5.3 Packing properties 
Oil absorption gives an indication of the packing properties of the filler within a 
polymer melt, whereas bulk density indicates the ability of the filler to pack when dry. 
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The oil absorption paste consists of dispersed filler particles, each having a layer of 
oil on its surface together with sufficient oil to fill the space between the particles. 
Oil absorption was carried out as described in section 4.3.3. In Table 5-8 shown the 
oil absorption values of all the uncoated talc used in this study. For the sake of 
comparison particle size and morphological data are also included in the table. 
Table 5-8 Oil absorption and packing fraction for uncoated talc. 
Filler Particle Size Particle Oil absorption. Packing fraction. 
Morphology (MI/100g) 
TI 8.60 Platey 41.94 +2.1 0.46 
-3.0 
T2 6.95 Acicular 37.40 +1.3 0.48 
-2.2 
T3 5.85 Mostly 49.16 +1.5 0.42 
Spherical 
T4 7.89 Platey 48.00 +1.5 0.43 
-1.8 
T5 9.72 Platey 42.03 +2.2 0.46 
-1.4 
T6 17.11 Platey 36.25 +2.4 0.50 
-2.0 
Table 5-8 represents packing properties of the talc filler (TI to T6). For fillers with 
different particle morphologies (TI, T2, T3) it can be seen that talc T3, (i. e. with the 
morphology of spherical particles), showed the highest oil absorption, whereas talc T2 
which has a lot of acicular particles showed the lowest oil absorption value. These oil 
absorption values were converted to, maximum packing fraction values (see 
Appendix A. 13 for calculation details). It was expected to have minimum filler 
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packing by particle with the finest, highest surface area. Here it can be seen that the 
minimum packing with T3 particles was achieved. The results are not surprising as it 
was seen in SEM analysis (Figure 5-5), that T3 particles had a narrow particle size 
distribution. This implies that there less small particles to fill in the space between 
particles and hence the lower packing fraction value. 
In the case of particle size (T4, T5 and T6), as the particle size increases the oil 
absorption value decreased and packing fraction increased. As can be seen talc T6 has 
a broad particle size distribution, which implied that there are smaller as well as larger 
particles present in the talc. In a compound, the coarse particles pack to produce the 
gross volume and the finer materials occupy the voids between the largest particles. 
Therefore T6, which has varied size particles, will result in a high degree of packing 
and hence high packing fraction value. 
Paraffin oil was used to represent PP in the test, as it is non-polar. The reason for 
getting lower packing fractions was due to the fact that a non-polar liquid cannot 
displace adsorbed water from the fillers surface. Hence, the difficulty of dispersing 
filler into a polymer was because the highly polar and hydrophilic surface of the filler 
was incompatible with the polymer. We know that the presence of adsorbed water 
may cause the filler particles to bond together, hence the filler particles will remain as 
agglomerates [13]. 
Figure 5-26 the oil absorption values are plotted versus coating percentage. As can be 
seen from the figure that application of coupling/coating to the talc surface decreased 
the oil absorption values. 
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Figure 5-26 Oil Absorption results for T3 filler coated with different type of 
Silane and levels of coating. 
It was observed that the oil absorption values decreased by the application of coating, 
which means that surface treatment displaces the adsorbed water molecules from the 
filler. This would help in the dispersion of filler particles and hence reduce 
agglomeration [13]. Therefore the effect of surface treatment is to displace the 
adsorbed water from the hydrophilic surfaces of the filler and to provide a surface 
compatible with the polymer, which in turn implies that we would expect to achieve a 
good dispersion of filler in the compound. 
Lower oil absorption with surface treatment means higher packing fraction. Higher 
packing fraction values increase the filler loading that can be incorporated into the 
polymer. 
5.4 GPCanalysis 
The molar mass results were obtained from the GPC analysis of the two PP samples. 
The results are surnmarised in Table 5-9. 
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Table 5-9 Gel permeation chromatography results. 
Polymer Weight average molecular wt. Molecular 
(g/mol-) weight 
distribution 
PPI 359000 7.07 
448000 8.40 
From the results above, it can be seen that there is very little difference in molecular 
weight distribution between the two samples of PP. The weight average molecular 
weight of Adstif T2 101 (PP2) is higher than PPLY 6100 (PP 1), which is also reflected 
by the high flexural modulus (PPI = 1350 MPa, PP2 = 2150 MPa) values as reported 
in material data sheet. Appendix A. I 
5.5 Production offilledpolymer compound 
The 31 compounds given in Table 4-11 of section 4.5, were produced using the APV 
twin screw extruder, together with feeder hoppers and a strand granulator, as 
described in section 4.5 
5.5.1 Calibration of feeders 
Prior to compounding, the feeder hoppers were calibrated according to the method 
described in section 4.5.1. The readings taken during the calibrations are shown 
graphically in Figure 5-27 and Figure 5-28. The data are separated into graphs, for 
clarity. The figure gives an indication of how the mass output from the feeder hoppers 
varied. The fillers were calibrated over the full range, in order to produce compounds 
of between 10% wt. and 60% wt. filler loading. 
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Figure 5-27 Calibration of feeder hopper for talc fillers (different talc 
morphologies). 
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Figure 5-28 Calibration of feeder hopper for talc fillers (different talc size) 
The two calibration plots, inatcrial output ratc (ku/hr) vcrsus fecdcr motor spced Im 
talc 1111cr, givCS '111 Indication ofhow the mass output fi'om the fcccler lloppci-s varied. 
It can be seen that the central part of' the graph is linear. I lowever, the graph shows 
deviation Froill linearity at the beginning and at the end. This non-lincarity is largely 
bccause of' the sensitivity of' volLinictric hopper to the bulk density of' the 1-iller. 
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However the feeder output rate also depends to a lesser extent upon material 
properties (such as particle or granule shape and size) and environmental conditions. 
The longer the talc remains in the hopper, the more becomes compacted (i. e. high 
bulk density) due to the vibrations of the machine, causing settling. This was also 
found to be true if large quantities were in the hopper 
Earlier studies [4] showed that (Mg (OH)2) filler output is sensitive to the bulk density 
of material grade. Also decreasing amounts of filler in the hopper caused the mass of 
output from the volumetric feeder to become non-linear. However, in the central part 
of the plots, the materials did not show any sign of non-linearity, possibly because the 
material in feeder hopper was kept as constant as possible and by avoiding the 
bridging by constantly agitating filler throughout the calibration and compounding 
stages. The non-linearity shown in the beginning and at the end was possibly due to 
the fact that with the passage of time, the talc gets compacted due to continuous 
vibration of the machine and hence more material can gets conveyed. 
For an overall mass through output of 8 kg/hour, the feeder hopper outputs required 
for 60% wt. of filler loading were 80 g/min for the filler and 26.66 g/min for the 
polymer. For greater accuracy the feeders were calibrated before each run around the 
percentage of filler required. A total output of 8 kg/hour along with screw speed of 
250 rpm and the barrel temperature profile shown in Table 4-10, were thought to 
provide enough output to give sufficiently high torque to produce good mixing and 
dispersion of the filler within the polymer. 
5.5.2 Compounding 
To compound the material an APV M30TC intermeshing co-rotating extruder was 
used, as discussed in section 4.5.2. A quantity of unfilled PP was passed through the 
extruder, to provide an unfilled reference material with the same thermal history as 
the filled compounds, and to find a suitable feed rate for the remainder of the 
compounding. 
A variety of variables were measured during processing and the over all data can be 
found in Appendix A. 7. They include die pressure and screw torque, which is quoted 
as percentage of the maximum torque available. 
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Torque reading was converted to specific energy (expressed in kW hr/kg) as detailed 
in Appendix A. 7. The specific energy is a direct measurement of the input energy 
(melting, mixing, and pumping pressure) used for processing a compound and can 
provide an indirect indication of the intensity of processing. With filled polymer 
formulations, specific energy input depends on the adiabatic heating, melt rheology 
during compounding, in addition to machinery design and operating conditions such 
as temperature, screw or rotor speed and degree of fill. [14] 
The results of specific energy against filler loading are shown. Figure 5-29 shows that 
in general, the specific energy increased with increasing filler content, except for high 
levels of loading. More heating energy was required to melt the unfilled material, as 
the talc tended to reduce the enthalpy of PP compounds [IS] but on the whole mixing 
energy is also required in filled compounds. Table 5-10 shows an typical example 
commercial grade of Hoechst PP 
Table 5-10 Enthalpy of melting for some reinforced PP [151. 
Material Enthalpy at 200'C (kJ/kg) 
Unfilled PP 560 
20 % talc filled PP 480 
40 % talc filled PP 400 
One of the reasons for a higher value of specific energy for 20 % wt. filled polymer 
was that the viscosity of the material was increased, as shown in shear flow curves 
(e. g. Figure 6-5) and so more energy was required to transport the material under 
pressure. Higher filler content increases particle interactions and may also produce 
more filler agglomerates [16], therefore more mixing energy was required to break 
down filler agglomerates. 
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Figure 5-29 Specific energy of uncoated talc versus volume fraction talc (talc 
used I'l, T2, T3, T4, T5 and T6). 
Dropping of specific energy values at very high levels of filler loading was due the 
Fact that less volurne of material was passing through the compounder. Also the talc 
redUced the heating energy required for melting the PP. 
Figure 5-30 presents specific energy of compound xith 401/0 wt. T3 talc treated with 
C3 coating. The specific energy for 40% wt. tilled compound was greater than that of 
tile Linfillcd compound and the higher the coating content, tile lower tile specific I 
energy i. e. less energy was needed I'Or the compOLMLIS \wh coated liller. This was due 
to the fact that Her particles were dispersing more readily into the polymer and the 
coating was acting as a filler-dispersing agent. 
Filler surface treatment leads to a much easier dispersion of' filler into all polymer 
since the water laver, which acts as an adhesive to hold Filler agglomerates together, is 
replaced (or covered) by the COating/COLIpling agent I I')]. In other words, surface 
coating of' Flier will improve the compatibility with the polymer matrix. Therefore, 
the polymer with coated filler could be mixed more easily than that with the uncoated 
1-11 ler. 
A I'Lirther recit. 101011 III the Sl)eCIt1c energy was clearly scen when higher level was 
Used, as shomi III Fi, "Lirc 5-30. The coating may be having an internal lubricatill-il 
CITCct Oil the Compound and higher level of' C3 inducing gi-cater lubricating ef'tcct oil 
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the compoLind and licrice gives lower specific energy, which implies a lower shear 
viscosity at the sarne operating condition. The ILibricatino effect provided by the 
coating can be characterised by the viscosity of the compound shown later in Figure 
6-20, section 6.1.5.1. 
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Figure 55-30 Specific energy of 40'Yo wt. coated tale r3 versus coating C3 'Vo wt. 
Raymond [4] also observed a lower specific energy with PE compounds containing a 
different filler (Mg(011, )) and coatings (behenic acid. stearic acid). Similar results 
were also obtained by Jurnpa [ 171 working on CaC03 filler and stearic acid coatings. 
The effect of' filler coating type oil specific energy IS Illustrated ill Figure 5-31. It is 
clear from the figure that addition of talc increased the specific energy relative to 
unfilled 111). 
Addition ol'coupling agent CI reduced the specific energy compared to uncoated one. 
Similar to C31, Cl may have acted as a filler dispersing a-gent in the IIP/talc system, 
and theretbre less energy is reqUired in the COMPOLInding process. Again lower 
specific energy does not suggest poor dispersion. 
Addition of coupling agent C2 and combination of C2 and CI increased tile specific 
energy. The chains of the nialeic anhydride IT are considered sufficiently long to 
interact and entangle with those ofthe matrix polymer, shown by increase in viscosity 
in Figure 6-28. This may reqUire more work I'Or dispersim, 1-illers to a given level. or 
may indicate 1-iller are better state ot'dispersion. 
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Figure 5-31 Specific energy for unfilled PP, filled with tale T3 uncoated and 
filled with talc T3 various coating (Effects of filler coating type). 
5.6 Characterisation offilledpoýjvner compound 
5.6.1 Ashing analysis 
In order to obtain an accurate estimation of the proportion of filler in a given 
composite, it is usual to burn a small arnount (- 5 g) ofcomposite material. This was L- 
done at a temperature of NOT in an electric furnace. The polymer is burned off 
leaving the filler as residue, and hence a back calculation permits the determination of 
the original filler content. The mass of filler may change during the ashing process, 
but can be taken into account by ashing a sample of the pure 1-iller. The actual tiller 
contents are presented in Table 5-11. The ashing test results shows that in most cases 
the actual filler contents are lower than those aimed for. This may be due to the loss of 
small quantities of f-Iner minerals fraction as dust. Inconsistencies in the feed from the 
material hopper 111a)" also lead to slight \ arlation in the 1-iller content. 
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Table 5-11 Ashing data at NOT (I hour) for uncoated talc compounds. 
Code Actual filler 
content (wt. %) 
Code Actual filler 
content (wt. %) 
PPMOT1 9.0 PPMOT4 9.9 
PPl-20T1 19.6 PPI-2OT4 20.0 
PPI-40TI 38.8 PP 1 -60T4 48.8 
PPI-60TI 51.2 PPI-IOT5 9.3 
PPMOT2 11.5 PP 1 -20T5 19.0 
PPI-2OT2 20.4 PP 1 -60T5 47.0 
PPl-60T2 48.6 PPMOT6 10.7 
PPMOT3 7.6 PP 1 -20T6 20.1 
PP 1-20T3 20.3 PP 1 -60T6 57.0 
PP 1 -60T3 55.7 PP2-4OT1 40.8 
PP2-10TI 7.7 PP2-6OT1 50.7 
PP2-20TI 19.5 
Table 5-12 Ashing data at 800'C (1 hour) for coated talc compounds. 
Code Actual filler content 
(wt. %) 
Actual coating content 
(wt. %) 
PP 1 -40T3 38.5 - 
PPl-40T3-2CI 40.6 1.7 
PPI-4OT3-IC3 39.2 1.3 
PPl-40T3-2C3 40.8 1.8 
PPI-4OT3-5C3 39.5 4.7 
PPI-4OT3-IOC3 38.9 9.8 
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Table 5-12 sho"s the ashing results of' Coated fillers. Tablc sllo\\S that there is 
inconsistency in actual filler/coating content than amied For. However most of the 
values are quite near to targeted values. 
5.6.2 Dispersion of filler during processing 
In order to see it' the compounding process had any effect Upon the filler particle, 
SEM micrograph and Malvern particle size analysis were carried out upon the fillers 
recovered from ashing granules ofthe compounds. Raw data for all the grades oftalc 
is shown in Appendix A. 5. 
Table 5-13 Particle size statistics for tale grade TI. 
Talc Particle diameter below X% 
Mean %< 10 %<50 %<90 
TI 9.9 3 3.09 8.6 18.57 
TI (ashed) 9.75 2.79 8.21 18.67 
Figure 5-32 Ash photomicrograph of 'Fl. 
The filler particle diameter distribUtion show that there is a no change in particle sizes 
after the talc has been processed along with IT. This was also confirmed by SEM 
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photomicrograph shown in Figure 5-32. It seems that the particle size in situ in the 
filled PP was very close to that of the original. 
5.6.3 Melt flow rate (MFR) 
MFR measurements described in section 4.4.2, were performed on PP and the results 
are presented in Table 5-14. The higher the weight average molecular weight, the 
lower is the MFR value representing greater shear viscosity. The MFR is slightly 
increased after passing the PP through the extruder. 
The MFR values are medium, as expected of sheet extrusion grade of PP being 
studied. Shear flow curves are generally a more reliable indication of processability 
than MFR values, as MFR can be thought of as a single point on the shear flow curve 
at a very low shear stress. Also, the shear rate sets for generations of shear flow 
curves were more likely to represent the range of shear rates, which were experienced 
by a compound during processing. 
Table 5-14 MFR Results. 
Compound MFR (g/l 0 min) s. d 
Ppi 2.56 0.007 
PP1 (processed) 2.82 0.003 
PP2 1.76 0.002 
PP2 (processed) 1.97 0.005 
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6 Results and discussion 11 - shear flow and wall slip 
6.1 Shearflow properties using capillary rheometry 
Ranges of polymer composites based on PP and talc filler were prepared. The shear 
flow properties of these composites in conventional tests at a constant shear rate were 
determined using the Davenport capillary rheometer (as described in section 4.7), in 
order to study the effect of polymer molecular structure, filler content, filler shape, 
size and coating. 
An example of the calculation for the production of shear flow curves from the 
measurement of pressure drop and piston speeds is given in Appendix A. 8. 
6.1.1 Effect of molecular structure 
Two polymers PPI and PP2 (as described in section 4.1.1, Table 4-1) were used to 
study the effect of molecular structure: weight average molecular weight 
ýM. ) 
and 
molecular weight distribution (MWD). Raw data for each of the polymers are given in 
Appendix A. 9, Table A. M. Figure 6-1 shows a plot of shear stress versus shear rate 
on a double logarithmic scale, a so-called flow curve for the two PP homopolymer 
samples. 
The data are linear (as verified by the correlation coefficient) over a range of shear 
rates. The Rý values for PP I is 0.98 and for PP2 is 0.99. The R-squared value can be 
interpreted as the proportion of the variance in y attributable to the variance in x, 
therefore it is seen from Figure 6-1 that materials used for the study follow a power 
law ( r,, =K r" or log -T, =K+n log r) for the range of shear rate used. Hence for a 
plot of log r,, against log y, the slope is n and the intercept on the y axis is log K. The 
significance of these two parameter is for a Newtonian fluid n=1, and for a 
pseudoplastic power law fluid, n<l. K is indicative of the flow resistance of the 
material; for a Newtonian fluid K= Viscosity. The slopes of the flow curves, taken 
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Figure 6-1 Plot of Shear stress vs. Shear rate for unfilled I'M and P112 at NOT 
(11 1) value for IITI is 0.980 and for IT2 is 0.995). 
The PP resins are mostly composed of numerous chains of varying lengths, so varying 
molecular weights, therefore the shear viscosity Is a Function of polymer M,, -, the 
higher the molecular NvcIght the higher the viscosity at a given shear rate. Table 6-1 
gives values of K and n for the materials tested. The degree of' change in viscosity 
kvith increasing shear rate (non-Newtonian behaviour) is indicated by the deviation of 
-n- in the power law frorn unity. 
As shown in Table 6-1, the value of "n" did not change significantly with change In 
gher shear stress in a capillary moleCUlar WC1,011t. ThIS is due to the fact that much hit 
rlicometcr ( 10 2 to 104) in comparison to cone and plate rheorneter. In equillbrIUrn 
state, polymer chains are highly coiled and there are many entanglements. An increase 
in M, gives rise to an increase in the average number of entanglements per I-noleCLilar 
chain and these entanglements resist deformation [1,2]. When shear stress is applied 
in a capillary rheonletcr, 11101CCI-Ilar chains uncoil (disentangle) and become aligned in 
the flow direction, and chain slippage (flow) can occur and at hiplicr shear stress there 
will he greater disentanglement I 11. Since there will be less entanglement at a higher 
shearing stress, so the polymer becomes less dependent on molecular weight III. 
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However, the effect of molecular weight difference in samples could be seen at much 
lower shear rates, where the polymer chains are still entangled as in case of the MFR 
result presented in section 5.6.3. Melt flow rate (MFR) provides an estimate of the 
average molecular weight of the polymer, in an inverse relationship; high melt flow 
rate indicates a lower molecular weight. The results of MFR (section 5.6.3) were in 
agreement with the discussion. 
Table 6-1 Value of K and n (molecular weight). 
Polymer Mol. Wt. Mol. wt. Pseudoplasticity Consistency 
M, Distribution Index Index. 
g/mol. n value K value 
(N SM, 2 
PPI 359000 7.1 0.273 1200 
PP2 448000 8.4 0.268 1180 
The MWD influences the processability of a resin due to the shear sensitivity, broad 
MWD is more shear sensitive than a narrow MWD formulation [3,4]. The two 
polymers used had MWD value ranging between 7 to 9. The range was considered to 
show a broad MWD for PP. This meant that these polymers are shear sensitive and 
can process more easily in applications such as injection moulding [3], the shear flow 
curve shows that how sensitive these polymer are to shear rate changes. 
We do not have a significant difference in the MWD of PP I and PP2 so we do not see 
differences in shear flow behaviour of the polymers due to this parameter. 
6.1.1.1 Effect of uncoated talc filler 
PP compounds containing uncoated talc TI at loading of 10,20,40,60% wt. were 
analysed. Shear flow curves for 10% wt. TI, (TI is the talc having a platey 
morphology; see section 4.1.2), talc-filled PP compounds, tested at 200'C are plotted 
in Figure 6-2, showing the effect of M. . Other percentages of talc are included in 
Appendix A. 9, Tables A. 9-2 and A. M. It is seen that the blend system also follows a 
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power law as given by r, = K)l (R-square values for the I'll I-I OTI and 111'2-1 OT2 
are 0.99 and 0.98). 
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Figure 6-2 Effect of 10 % wt. uncoated tale filler TI added for different grades of 
PP at 200"C (R 2 value for 11PI-10TI is 0.989, PP2-IOT1 is 0.976, PPI is 0.980 and 
11132 is 0.995). 
The inclusion of 10% výl. talc in each PP did not result in an appreciable increase in 
viscosity across the shear rate range. It was found that the 10% wt. filled polyrner 
follm, vcd the same behaviour as the unfilled. The same behaviour was shown by 20 
and 40% wt. ot'talc loading (included ill Appendix A. 9, Tables A. 9-2 and A. 9-33). All 
equivalent graph of 60% wt. oftalc loading for the two polymers is shown below. It 
can be seen, at 60% wt. of TI talc loading the power law still holds for the range of 
shear rates used (i. e. for both the polymers). I Imvever, the difference between the two 
Compounds nearly diminishes with a high loading of talc. As the amount of polymer 
is less in 60% wt. tilled polymer, therefore it is obvious that differences ill polymer 
'structure will play a less significant role in determining the viscosity of the filled 
, system and therefore it did not seen much difference between the two polymers. 
I lowever, an increase in shear stress (viscosity) Nvith the addition of talc call be clearly 
seen in Fioure 6-33. 
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Figure 6-3 Effect of 60 'YO wt. uncoated talc filler TI added for different grades of 
II'll at 200"C (11 2 value for PP1-60TI is 0.970, PP2-60TI is 0.978, PPI is 0.980 and 
P112 is 0.9955). 
6.1.2 Effect of filler content 
1 .1 igure 6-4 shows the correlation hetween '! Io wt. and \'olunic fraction ol'I'll I- talc (T] 
filled compound. As can be seen from the graph, the relationship is not linear. Actual 
volume fi-action (taken from ashing-, section 5.6.1 ) was used into our calculation rather 
than the norninal value. Since most of the literature quotes volume fraction instead of 
% wt., due to the wide variations in the densities ofavailable fillers. 
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Figure 6-4 Relationship bet-ween 'Yo wt. and volurne fraction of III filled 
compound with TI talc at 200"C'. 
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The effect of' filler content on the viscosity of 11111 compounds was Studied Further 
LIS1112 all six grades of talc, at a chosen shear rate of 10 3 s-1. This value was chosen 
because this is typical of' injection moulding. Percentages used were 10,20 and 60% 
wt., which were converted to an actual volume fraction, Lising the ashing results from 
section 5.6.1. Shear viscosity of 11111 compound filled with talc TL T2 and T3 (talc 
ha, ving different morphology, section 5.1.1) is plotted against actual V011.1111C fraction 
of' filler (fl'oiri ashino test, section 5.6.1, Table 5-11 ) in Fioure 6-5. The raw data is 
included in Appendix A. 9, Tab IeA. 9- 12. 
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Figure 6-5 Effects of talc content (different morphology) on shear viscosity at 
shear rate of 103 s-1, temperature 200T on PPI filled compound. 
., I In Figure 6-6, shear viscosity at shear rate 10' s' ofPPI compound III I led with talc '174, 
T5 and T6 (talc having different particle size, section 5.1.2, Table 5-2) obtained at 
tcniperatUre of' 200T is plotted against actual volume fraction of filler (frorn ashing 
test, section 5.6.1 ) 
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Figure 6-6 Effects of tale content (different size) on shear viscosity at shear rate 
of 103 s-1, temperature 200T on PPI filled compound. 
Figure 6-5 and Figurc 6-6 indicate that the shear viscosity ol'a system increased when Z-- 
the amount offiller or its volumetric fraction increased. 
In general, shear viscosity increased with the amount of talc added. I lowever, the 
trend is that TI particles are giving the lowest shear viscosity and T2 particles giving 
highest the shear viscosity. As seen in surface area (section 5.13) analysis that T2 talc 
particles had highest surface area. I ligh specific area fillers tend to trap a larger 
portion of polymer matrix. This is generally known as occluded polymer, which tends 
to increase the eft'ective filler volume. I lence, this increases tile viscosity. 
As the amount of' filler increases there are more talc particle in the system so more 
molten material becomes bound to the particles and is thus iminobilised, restricting 
the volume offlowable melt. 
At the same level of loading, particles with different morphologies and sizes will 
occlude different amounts of polymer. Therefore surface area, which is determined by 
adsorption techniques and is af'l'ectcd by size and shape, will provide a good 
approximation ofoccluded polymer. 
Several authors have reported increases in viscosity -with increased particle loading 
with tile greatest effect being at low shear rates [9,10,11]. The 11111LICnce of the filler 
concentration on shear viscosity decreases as shear rate increases 19,11,121. The 
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trend would be more obvious, if a lower shear rate r was also used i. e. use of 
different rheometer, for example a cone and plate rheometer. 
The Maron-Pierce equation (see equation 3.41) was used to study talc-filled system, a 
constant shear stress of 100 kPa was used for calculation, and this gives a shear rate of 
103 for unfilled polymer, which is typical of injection moulding. Kitano and co- 
workers [13,14] also used the Maron-Pierce equation to predict the 71, vs. 
0 relationship for filled poymers. 
Tale fillers with different morphologies (TI, T2 and T3, see section 5.1.1) were 
dispersed in polymer matrix PPI (see Table 4-1) and their relative viscosity vs. 
volume fraction were plotted as shown in Figure 6-7 to 6-9. (Raw data is included in 
Appendix A. 9, Table A. 9-13). However, in this case, agreement between data and 
theory seemed to-be good for T2 shaped particles i. e. when max packing fraction 
(0.. ) was taken as 0.48, but for other shapes of tale particles (TI and T3), the theory 
predicts higher values of viscosity. It is seen that the relative viscosity of the filled 
polymer system adjudged at the same volume fraction varied with the properties of 
filler, such as shape. 
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Figure 6-7 Variation of relative viscosity at a constant shear stress (of 100 kPa) 
with filler volume fraction for PPI filled polymer with TI talc at 200T. The solid 
line represents the curve through experimental points. Broken line represents 
the relation 3.41 ((0 ,, =0.46). 
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Figure 6-8 Variation of relative viscosity at constant shear stress (of 100 kPa) 
with filler volume fraction for PPI filled polymer with T2 talc at 200T. The solid 
line represents the curve through experimental points. Broken line represents 
the relation 3.41 ((0 max = 0.48). 
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Figure 6-9 Variation of relative viscosity at constant shear stress (of 100 kPa) 
with filler volume fraction for PP1 filled polymer with T3 talc at 200'C. The solid 
line represents the curve through experimental points. Broken line represents 
the relation 3.41 ((0 ..,, = 0.42). 
From Figure 6-7 to Figure 6-9 it seems that there is a good agreement between theory 
and experimental values up to a volume fraction of 0.10. However, at higher volume 
fraction, relative viscosity of the filled polymer system varies with properties like 
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particle shape, size and 0 a,,. Theory (equation 3.4 1) predicts higher values of relative 
viscosity because it only takes into account the Ona, '. Looking at the equation 3.41 it 
can be seen that the equation would predict lower values of relative viscosity for 
fillers having highest 0 max, at same value of volume fraction (0 ). 
Since T2 has high 0 .. a,,, therefore equation 3.41 would have given low values of 
relative viscosity. However, because of the high surface area of T2 particles, these 
particles will occlude more polymer thereby increasing the relative viscosity value at 
any given solid loading. This on the whole makes the difference between theory and 
practice much less. 
Looking at the 0 a,, values of all the three talc samples (TI = 0.46, T2 = 0.48 and T3 
= 0.42), the 0,,,., value obtained by talc fillers Tl, T2 and T3 is on the lower side of 
the scale as compared to spherical particles (0.74) [16]. It was assumed that low 0 inax 
will be obtained with high aspect ratio filler like T2 but a slightly higher value was 
obtained, as compared to TI. The reason is because of the fact that smaller particles 
are filling the spaces between the bigger particles. As seen in SEM analysis, talc T2 
has a wider distribution of particles. It has been mentioned in the literature that wider 
differences in size and a large proportion (by weight) of the bigger particles is 
advantageous in obtaining high 0,, ý. [16]. The low 0., ', values for T3 particles are 
quite in agreement with the results obtained by SEM analysis (section 5.1.1.1). These 
particles consist of a narrow particle size distribution therefore there are less smaller 
particles to fill between the large particles. Therefore lower value of On. was 
obtained. 
Talc fillers of different particle sizes (T4, T5 and T6, section 5.1.2) were dispersed in 
polymer matrix PP I (see Table 4- 1) and their il, vs. 0 were plotted as shown in Figure 
6-10. In this case, agreement between data and theory seemed to be good for up to 
filler volume fraction of 0.1, however, above this the theory predicts higher values of 
viscosity. It was seen that the relative viscosity of the filled polymer system adjudged 
at the same volume fraction varied with the properties of filler, such as size as well as 
shape. 
184 
Chapter 0 
12 
2ý1 1 
(1) 
0 T4 T5 * Actual T4 
8 
>a Actual T5 
6 Actual T6 T6 
U) 
0 
0L 
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 
Filler Volume Fraction ((p) 
Figure 6-10 Variation of relative viscosity at constant shear stress (of 100 kPa) 
with filler volume fraction for PPI filled polymer with T4, T5 and T6 tale at 
200T. The solid line represents the curve through experimental points. Broken 
line represents the relation 3.41 ((O,,, Ix for T4 = 0.43, T5 = 0.46 and T6 = 0.50). 
The above graph shows that as the value of 0,11ýjx increased theory predicts a lo-Vver 
value of relative viscosity, which decreased the variation between theory predicted 
values and experimentally observed trends. The highest value of 0 ... ,, was obtained 
with T6 filler. Hence the larger the particle size, the lesser the difference between 
theory and experimental observed values. 
From Figure 6-10, we can see that as the particle size was increased, the value is 
also increased. The reason is that smaller particles are likelt to be filling the spaces 
between the big particles and therefore increasing the Oniax of the compound. As a 
result of that a lower value of relative iscosity as seen in the above graph. 
The reason for the lower value of 0 ... ,, of' T4 talc is that the larger particles From the 
T4 talc are screened out leaving only particles with a narrow size distribUtion. 
Therdore there are less small particles to fill the gaps between the larger particles. 
The above data provides an experimental evidence that the filler increases the 
viscosity ofthe system in which they are dispersed. This increase depends on filter 
'shape and size but it must depend on dispersing phase as well. 
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According to the results presented in Figure 6-7 to Figure 6-10, the following 
relationship appears to exist between relative viscosity and volume fraction: 
ij, = (1 + k4 0+ ks 02) (6.1) 
where 
1Ir = relative viscosity 
volume fraction of filler 
k4, ks = constant depending on filler shape and size 
k4 and k5 were calculated for the talc-filled compounds and are shown in Table 6-2. 
Values of k4 and k5 are different for different class of fillers. From this information, 
values of T1, can be predicted for all values of 0. Once il, is known, the viscosity of 
compound can be predicted. 
Table 6-2 Values of k4 and ks for different talc fillers. 
Filler k4 k5 
TI -2.8 45.2 
T2 6.9 15.2 
T3 5.8 11.3 
T4 6.9 -4.8 
T5 6.4 -5.2 
T6 9.0 -7.2 
6.1.3 Effect of filler morphology 
The effect of filler particle morphology on the rheological properties of PP 
comPounds was studied using three uncoated grades of talc filler: TI, T2 and T3. 
These are talcs having different morphologies (for details refer section 5.1.1). The 
loadings of talc used were 10,20 and 60 % wt. (raw data are included in Appendix 
A. 9 Table A. 9-2, A. 9-4 and A. 9-5). Figure 6-11 present typical flow curves for 
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polymer 111) 1 with I 0'! "o Nvt. Of talc fillers. It is clearly scen from Figure 6-11 that Lill the 
compounds show a similar response that is all the compounds investigated follow a 
pok, v'cr law over the rangc of shear rates tested (R 
2 values for a linear fit had been 
HICILided in the caption). Similar trcnd was observcd Nvith 20% wt. filled COMPOLInd. 
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Figure 6-11 Shear stress vs. shear rate plot for 10 'Vo wt. PPI filled with different 
morphology talc fillers (TI, T2, T3) at a temperature of 200')C (R 2=0.977 for 
PPI-10TI, 0.959 for PIl-IOT2 and 0.975 for ITI-IOT3). 
This is to say that under the conditions used, the filler shape does not significantly 
atTect the power ImN index ol'the I illcd 111'. Some perious work 19,17] reported that in 
a filled system, the filler shape influenced the shear viscosity ofthe system. However, 
Such a trend was not seen in tile results obtained Im taic-tilled compounds In the 
range of shear rates used. The differcilt outcome could he due to the rates of' strain 
used in the capillary rheonicter, which ranges from 100 to 4000 s- Much higher than 
those used in the previous work 19,17]. 
Figure 6-12 present the sarne data oil bar charts showing the shear stress of tile 
compounds developed as a ftinction of shear rate and shape respectively. At ally given 
shear rate, higher shear stress, (hence viscosity), values will be obtained from 
COMPOLInds with talc particles T2 and T'). However, the dift'crence ill shear stress 
between the T2 and T') filled compoUnds was %, cry sinall. The I'CSLlltS in this section 
were in agreement with the specific energy VaILICS obtained in the compounding 
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section 5.5.2. The lower compound viscosity for 10% ý, vt. TI filled polymer was 
consistent with lower values of specific energy for the same compounds. Specific 
energy is assumed to indicate the intensity of processing and specifically, the 
goodness of dispersive mixing in multi-phase thermoplastic compounds. If the mixing 
parameter dominates the overall response, a non-agglornerating filler is likely to 
reduce work input. (hence specific energy) required to achieve a given degree of filler 
dispersion. A lower specific energy value can also mean a lower compound viscosity 
[18]. 
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Figure 6-12 Bar chart of shear stress for P111 10% -wt. tale-filled compounds 'V'V'ith 
various particle morphologies at NOT at different shear rates. 
Additionally, the difference in shear stress between the samples is very small which is 
due to the orientation of polymer chains in the direction of shear, which becomes 
disentangled at high shear rates [ 19]. 
Figure 6- ]3 presents typical flow curves for polymer PP I filled with 60% wt. talc (TI, 
T2 and T3). It is clearly seen from Figure 6-13 that even at 60% wt. filled, all the 
compounds showed a similar response i. e. all the compounds investigated follow a 
power law relationship over the range of shear rates tested (R 2 values for liner fit are 
shown in caption). 
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Figure 6-13 Shear stress N's. shear rate plot for 60% wt. PPI filled Nvith different 
morphology talc fillers (TI, T2 and T3) at temperature 200"C. (R2 for P14-60T I 
is 0.970, PPl-60T2 is 0.986 and lIPl-6OT3 is 0.966). 
Figure 6-14 presents the same data for the compounds oil bar charts as a function of 
shear rate and shape respectively. It was expected that at any given shear rate, higher 
shear stress (viscosity) values would be obtained from T2 compounds with acicular 
shaped particles. T2 talc has a fairly large amount of aciCLIlar-needle-shaped particles 
as seen in SEM photograph Figure 5-4 in section 5.1.1. T2 particles have higher 
surface area, this fact is supported by BET surface area analysis (higher Surface area 
"). This means that particles have a complex obtained in BET analysis, see section 5.1. ) 
structure so a greater amount of melt becomes bound to these particles and is thus 
imi-nobilised [ 161 resulting in a higher shear viscosity. The higher the surface area, the 
greater is the resistance to flow deformation and hence the viscosity of the filled 
system is higher. However the slightly higher values of T3 filled compound as 
compared to TI and T2 was due to higher filler loading as can be seen in ashing 
analysis (Table 5-11 ). 
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Figure 6-14 liar chart of shear stress for PlIl 60% wt. talc-filled compounds with 
various particle morphologies at 200T at different shear rates. 
6.1.4 Effect of filler particle size 
The uncoated fillers used in this investigation were T4 (7.89 ýtm). T5 (9.72 ý1111) and 
T6 (17.11 ýtm). These particles were obtained from the same feedstock having 
different particle size distributions (see section 5.1.2, Table 5-2) and the filler 
loadings were 10,20,60% 
Shear flow data for the three uncoated talc-filled PPI compounds are presented as 
plots of shear stress against shear rate in Figure 6-15 to Figure 6-16 (Ra-Vv data is 
included in Appendix A. 9. Table A. 9-6 to A. 9-8). This indicates that the power law 
behaviour is followed, as the trends are all linear (the correlation coefficient R2 values 
are inclLided) over the range studied. 
The compounds did not show any sign of a yield stress, as noted by other researchers 
[ 13,20,21,22] at the conditions used. The reason for not having yielding is that in a 
capillary rheometer the shear rates are high. In order to observe yielding we would 
probably need a different rheorneter operating at much lower shear rates and with 
higher filler loadings. Main and Hassan [23)] studied the melt rheological properties of 
composites of PP filled with wood flour, at filler concentrations of 3 to 20% wt. The 
particle size used was 200 to 3300 prii and the shear rate was 400 to 7500 s-1 and at 
relatively higher shear rate they also did not observe any yield value. 
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Figure 6-1,5 Shear stress vs. shear rate plot for 10% wt. PPI filled with different 
sized tale fillers J4, T5 and T6) at a temperature of 200')C. (R 2 value is 0.983 for 
PPl-lOT4,0.978 for 13PI-IOP-5 and 0.990 for PPI-IOT6). 
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Figure 6-16 Shear stress vs. shear rate plot for 60% wt. PPI filled vvith different 
sized talc fillers J4, P-5, and T6) at a temperature of 200')C. (R 2 value is 0.974 for 
IIPI-601'4,0.989 for PPI-60T5 and 0.979 for PPI-60T6). 
Table 6-3 shows K and n values for all the compounds prepared with different particle 
sizes. ]'here was not much difference betweeii n values up to the value of 20% wl. of 
filler loading. However at a nominal loading of 60% wt. we see that T6 tilled 
compounds had higher n values. 
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Table 6-3 Values of K and n for compounds with different particle size. 
Filler 10% wt. 20% wt. 60% wt. 
n value K value n value K value n value K value 
T4 0.315 1090 0.332 1050 0.332 1120 
T5 0.274 1200 0.316 1090 0.335 1090 
T6 0.296 1160 0.297 1160 0.395 1000 
Figures 6-17 to 6-18 present the same data on bar charts produced using the flow 
curves. At 10% wt. of tale loading there is not an appreciable difference between the 
shear stress (viscosity) of the different sized particles but at 20% wt. and 60% wt. 
there a slight increase in viscosity with larger particles (T6). 
White [9] studied filled polystyrene melts and found that the viscosity increase was 
greatest for compounds with the smallest particles. The results of talc-filled 
compounds were not analogous with White [9], as he measured viscosity at fairly low 
shear rates. Since the results were obtained at quite high shear rates therefore a 
significant differences was not observed. However, Han [24] did not observed the 
same trend with PP filled with two different talc particle sizes at 2000C and concluded 
that the effect of particle size was negligible at shear rates greater than 1.0 s". Hence 
the results obatined with talc-filled PP I were in agreement with Han. 
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Figure 6-17 liar chart of shear stress for PPI I O(Yo NN t. talc-filled compounds Nvith 
various particles sizes at 200`C at different shear rates (effect of particle size). 
Looking at specific energy data t'Or the compounds (section 4.5.2) it seems that there 
is not much difference between the specific energy values up to 20% Wt. of' filler 
loading with different particle sizes. It suggests that compounds are at the same level 
of dispersion, which explains the little observed differences between the viscosity of 
the 10 and 20% wt. filled compounds with different particle sizes. 
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Figure 6-18 Bar chart of shear stress for ITI 60%, vv, t. talc-filled compounds with 
various particles sizes at 200')C at different shear rates (effect of Particle size). 
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However, at a higher filler, (above 20% wt. ), loading, there was a significant 
difference between T6-filled compounds and other talc particle (T4 and T5) filled 
compounds. The result could be explained on the basis of actual, (ashing data), % wt. 
talc loading. As it can be seen in section 5.6.1, there is a difference in actual talc 
loading between compounds PPI-6OT4, PPI-6OT5, PPl-60T6 with the highest 
loading of talc found to be in PPI-6OT6 compound. Since this compound has the 
highest loading of talc this gave a compound with the highest viscosity. 
6.1.5 Effect of coating 
6.1.5.1 Effect of coating addition level 
Coating C3 (Silane A-137, section 4.1.3.2) was used as a coating on talc T3 
(Microfine tale, section 4.1.2). It was suggested that this type of silane would have 
some reaction with the filler but would not chemically interact with the PP. 
It was supposed that coating C3 would act as a lubricant/dispersent in the system. 
Talc T3 was selected because it has narrow particle size distribution and was readily 
available. 
Coating C3 is octyltriethooxsilane. The ethoxy group (OCH2CH3)3 is a hydrolysable 
group, which will react with surface hydroxyl groups of the filler to produce a stable 
bond. There can be direct reaction with the surface producing a siloxane bond [ 16] or 
there can be prehydrolysis with surface moisture by silanol condensation, with the 
release of water [16,25] and the alcohol evolved is removed by evaporation at a 
relatively low temperature [25]. The alkyl group CH3(CH2)7 is attached through a 
hydrolytically stable carbon-silicon bond and is inert. Reaction of octyltriethoxysilane 
with the filler will be similar to the one shown in Figure 2-5. 
Figure 6-19 illustrates a typical response obtained from PP1 compounds unfilled and 
filled with 40% wt. of uncoated and coated talc filler. Only uncoated, I and 10% wt. 
coated talc-filled compounds are shown in Figure 6-19. However, the C3 coating 
levels used in the study range from 0 to 10% wt. Raw data for all percentages is 
included in Appendix A. 9, Table A. 9-9. 
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Figure 6-19 Shear stress vs. shear rate plot of PPI filled with 40% wt. of 
uncoated and coated talc T3 at 200T. 
It appears from the shear flo\\ curve (Figure 6-19) that the coating has little effect oil 
shear stress (viscosity). However, by closely examining the Figure 6-19 it appears that 
at higher values of shear rate, the material is showing sign of onset of dilatant 
behaviour. Filler packing depends on whether the material is static or flowing. Free 
volume increases during the flow, causing a viscosity decrease. However, filler 
particles increasingly form more compact aggregates, which at high rates of shear 
may Form strong and bulky aggregates opposing shearing. This explains why the same 
material shows difTerent behaviour at high shear rates. If Much higher shear rates 
could be achieved. as in injection moulding, then the effect of dilatancy could be seen 
in practice. 
Figure 6-20 represents the sarne data to those ofPP I, re-plotted as shear stress data oil 
the bar chart, with 1,2,5 and 10% wt. of silane (0). In most cases (up to 5% wt. 
coating level) coated talc compounds have shear stress values (viscosity) slightl', 
higher, than or about the sarne as those of the uncoated talc compounds. It is 
interesting to note that at 10% wt. of coating level there is a decrease in viscosity. 
However, this does not Suggest that monolayer coverage is forming at 10% wt. of 
coating level. It was possible that some Unreacted silane remains in the systern and 
that lowered the viscosity. 
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Some researchers [10,26,27] have observed a decrease in shear viscosity with 
application of coatings. Goel [261 observed the effect of oligomer of propylene oxide 
on the viscosity of the talc-filled PP composite system. It was observed that oligomer 
concentration brings about a decrease in the viscosity of the filled polymer composite. 
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Figure 6-20 Bar chart of shear stress vs. shear rate of PPI filled with 40% wt. of 
uncoated and C3 coated tale T3 at 200T (effect of coating). 
The results suggest that silane coating C-3 up to the 5% wt. had little effect on melt 
viscosity. These results are consistent with the assertion of Boaira and Chaffey [27] 
that the viscosity at high shear rates is dominated by the influence of the polymer 
rnatrix, resulting in convergence of the curve. 
Surface modifiers (titanate, silane, zircoaluminate, etc. ), cannot form a strong 
adhesive bond between PP and fillers [28]. Since silane (C3) used in this study did not 
bond chemically with the PP matrix, all interactions are controlled by dispersive 
forces Van der Waal forces. Therefore, the little difference in viscosity was probably 
due to improved physical interaction between the filler and the rnatrix. 
The reduction in torque value (section 5.5.2), signifies that the silane molecules 
reduced the melt viscosity of the polymer. It is not possible to draw definite 
conclusions about the precise action of C3 under the processing conditions only by 
torque reading, since these parameters were dependent upon many other factors as 
well. 
196 
Chapter 6 
Suetsugu [22] stated that certain additives or surface treatments cause a reduction in 
viscosities of polymer-particle compounds. In our case lower values of viscosity were 
observed at a much higher level of coating. It is assumed that the surface modifier C3 
has acted, at least in part, as a surface modifier (i. e. as a lubricant or surfactant), so 
that, under a shearing flow, there is far less frictional resistance to flow with treated 
filler particles than would be possible with untreated filler particles. This in turn 
lowers the viscosity of the compound. 
As given by Sadler [25] the surface area coverage of C3 (A137) is 283 m2/g, therefore 
theoretically % wt. silane for monolayer should be 1.75, calculated from equation 5.1 
in section 5.2.2.4. Therefore the coating level of 10% wt. is very high and it is quite 
likely that some of the silane remains unreacted and will lower the viscosity of the 
compound. 
6.1.5.2 Effect of external lubricant 
In order to study the effect of external lubricant on the system rheology, Luwax 
powder (C4) was used (see section 4.1.3.1 for detail). Coated C3 talc was mixed with 
Luwax in the Fielder mixer. The percentages of wax coating used were 1 and 2% wt. 
(on the filler). 
The effect of an external lubricant on the system rheology is represented by Figure 
6-21. In Figure 6-21 legends PPI-4OT3-2C3-2C4 represent the polymer used is PPl, 
40T3 represents that 40% wt. of talc T3 is used, 20 represents that 2% wt. of coating 
C3 was used and 2C4 represents that 2% wt. of coating C4 was used. (Raw data is 
included in Appendix A. 9, Table A. 9-10). 
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Figure 6-21 Shear stress vs. shear rate plot of PP1 filled with 40'%, wt. of 
uncoated and coated talc with different coatings at 200"C (effect of lubricant). 
Lubricants are used in plastic processing to lo\ýer the melt N iscosity or to prevent the 
polymer from sticking to metal surfaces. Internal lubricants act intermolecularly, 
making it easier for polymer chains to slip past one another. They reduce melt 
viscosity and provide better flow. External lubricants act at the molten polymer 
surface, between the polymer and the surface ot'processing equipment. Materials used 
as lubricants include metal soaps, hydrocarbon waxes, polyethylene. arnide waxes, 
fatty acids, fatty alcohol, and esters. 1-u-wax was used here for lubrication and is a 
low niol. wt. polyethylene wax. 
It is clear from the Figure 6-21 that addition of Lip to 2% vl. of external lubricant does 
not influence the systern's viscosity. The reason could be that the coating C3. which is 
a silane itself, acts as a lubricant and adding external lubricant does not change the 
systern rheology. 
Dry blending has been used, which is simple and cheap when compared with solution 
coating, but a disadvantage was the difficulty in dispersing a small arriount of coating 
into the bulk of the filler. This also suggested that 2% m. of external lubricant is not 
sufficient for effective lubrication and therefore, did not see much change in viscosity. 
However, this was not a clear evidence that external lubricant "as not promoting wall 
slip. 
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6.1.6 Effect of coupling agent 
In order to study the effect of coupling agent on the system rheology, two different 
types of coupling agents were used, details of which are given below. Raw data for 
this study is included in Appendix A. 9, Table A. 9-1 1. 
The coupling agent used to coat the talc was -f-aminopropyltriethoxysilane, with the 
trade name Sliquest A-1 100 (Cl, section 4.1.3.3). The reaction with the filler of this 
silane is shown in Figure 2-5. The ethoxy group (OCH2CH3)3 is a hydrolysable group. 
The silanols of a hydrolysed silane coupling agent will form hydrogen bond with 
hydroxyl groups of the talc to produce a stable bond. 
It was suggested that one end of coupling agent CI will form a bond with the filler 
while the other end will react with the polymer. To do this effectively, one end has a 
hydrolysable group (OCH2CH3)3, which is intermediate in the formation of silanol 
groups, for chemical bonding on the surface of the filler. On the other end, silanes 
have an organofunctional group (H2NCH2CH2CH2) that entangles with the polymer 
molecular chains by physical-type interactions. The purpose of this type of coating 
was to improve filler/resin coupling and filler dispersion in thermoplastic PP. Since 
PP is inert thermoplastic, therefore no obvious chemical reaction with the 
organofunctional group is possible. It is believed that silanes form interpenetrating 
polymer network with PP at the interface [29] 
Figure 6-22 depicts the logarithmic plot of shear stress versus shear rate at 200'C for 
coated tale-filled PP1. It appears from Figure 6-22 that the coated talc-filled PP 
follows the power law relationship over the shear rate range studied. The correlation 
coefficient presented in the graph shows a very good correlation (0.99) in each case. 
The melt viscosity of the talc-filled PP decreased with increasing shear rate. 
Pretreatment of the talc with CI coupling agent slightly effected the shear stress (melt 
viscosity) of coated talc-filled PP sample, in the shear rate range used. 
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Figure 6-22 Shear stress vs. shear rate plot of PPI filled with 40% wt. of 
uncoated and coated talc with coupling Cl at 200"C. (Effect of coupling agent) 
(R2 value is 0.99 for PPI-4OT3,0.989 for PPI-40T3-Cl). 
Table 6-4 shows the K and n values Of the COIIIPOLllld, the valLIC Of '11' does not 
change significantly with the application OfCOLlPllng agent Cl. As we can see, there is 
slight increase in K-valuc, indicating a VISCOUS IlLlid. 
Table 6-4 Value of n and K. 
Material I n-value IK value 
P131-401-3 1 0.3 10 1 1140 
PPI-4OT3-Cl 1 0.302 1 1180 
I lan et al. [30J observed that addition of' 1.0% wt. carboxyl diisostearoyl ethylene 
titanate coupling agent to the PP-talc and I IDPF-talc systems effected tile rnelt 
viscosity very little. This result was in agreerricrit with our result. I lowever it was also 
observed that the addition of' the titanatc-coupling agent to the lIP-CaCO3 and IT- 
fibrcglass systems decreased the nielt viscosity. A possible explanation t'()r this 
viscosity decrease has been suggested by Ilan et al. 130] to be due to plasticizing 
efTect ol'the organic group in titanate coupling agent. due to the modification of the 
intcrl'acial characteristic ol'the filled system. Ilan et al. 1121 also used CaCO; and 
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glass beads to investigate the effect of coupling agents (N-octyltriethoxysilanes and y- 
arninopropyltriethoxysilanes) on the rheological properties of filled PP compounds. 
He found out that both silanes decreased the melt viscosity of the CaC03-filled PP 
melts. However addition of N-octyltriethoxysilane coupling agents to PP-glass beads 
(50% wt. ) increased the melt viscosity, where as y-aminopropyltriethoxysilane 
decreased the melt viscosity. 
On the basis of his results, Han et al. [12] concluded that the effectiveness of a 
coupling agent in reducing the viscosity of filled systems, depends on both the type of 
coupling agent and the type of polymer/filler system chosen. 
Other researchers found a decrease in viscosity [10,12,27,30] by the application of 
surface modifiers to the fillers. The extent of decrease depends on the type of the 
surface modifier and the type of the filler-polymer combination. 
Figure 6-23 shows the same data in a bar chart. It appears from the graph that the 
addition of coupling agent (C 1) produces a small increase in the system viscosity. It is 
evident, therefore, that the surface modifier Cl might have coupled the filler with the 
polymer. The organic functionality of the surface modifier may have extended into 
the polymer phase and created an apparent increase in the effective radius of the 
individual particle, thus leading to an effective increase in the filler loading and 
hence, an increase in the viscosity of the filled system due to greater polymer-filler 
interaction. The reason for such a small increase might be the rate of shear used in the 
capillary rheometer. Treated fillers in thermoplastic resins, however, are generally 
mixed at high temperature under shear. Under these conditions reactive silanes on 
filler surface graft to the resin, or homopolymerize to form an interpenetrating 
polymer network, but are torn off during continued high temperature shear in a 
capillary rheometer. It is therefore possible to see an increase in shear stress at 
relatively low shear rates. It is apparent that CI is not acting as a good lubricant. 
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Figure 6-23 Bar chart of PPI filled with 40'Yo Nvt. of uncoated and CI coated talc 
T3 at 200T. (Effect of coupling agent). 
Keith [')I] has SLIggested that an ideal coupling agent fOr LISC In filled-11P systems is a 
modified IT containing some polar functionality. A material that meets these needs is 
malcic anhydride inoditied I'll (C2, section 4.1.33). The nialeic anhydride group 
reacts with functional &, rOLIPS present on the surface of' the filler to form chernical 
bonds as I primary interaction mechanism. A second type of interaction consists of 
co-crystallization of the high-inolecular-weight tail with the molecular chains of' the 
polyrner matrix giving physical entanglement [41. 
CH3 CH3 CH3 CH3 CH3 CH3 
HHHH 
HI HH4HH 
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Figure 6-24 Chemical structure of malcic anhydride grafted IT (PPgMAH). 
Figure 6-24 shows the structure I'Or IPgMAI I. This was one of I tile Coupling agents 
used in this study. It is important to note that the addition level for this Coupling agent 
was set to 5% wt., which is based on total weight ofthe composite, i. e. 55 ITI, 5 C2 
and 40 talc ('Yo wt). 
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Polymer PPI was mixed with coupling agent ('22 and talc '173) in ail APV compOLInder 
to StUdy the effect of coupling agent C2 on the rheological properties of the tilled 
COMPOLInd. Figure 6-25 shows a plot of shear stress versus shear rate on a double 
logarithmic scale, so called flOW CLII'VC for the compound. 
The data are linear (as vcrified by correlation coefficient) over a range of shear rates. 
The R2 values for 11PI-40T. 33 is 0.99 and for 111)1-401'3-C2 is 0.98, therefore it is seen 
from Figure 6-25 that the materials Lised for the StUdy follow a power law for the 
range ot'shear rate Lised. 
Addition of C2 coupling agent also does not show any significant change in viscosity. 
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Figure 6-25 Shear stress vs. shear rate plot of PPI filled with 40% wt. of 
uncoated talc with and without coupling agent C2 at 200T. (R 2 values for PP1- 
40T3 is 0.990 and for PPl-40T3-C2 is 0.986). 
Table 6-5 Value of n and K. 
Material n-value K value 
I'll I -40T') 0.31 1138 
I'll I -40T3-C2 0.31 1141 
Table 6-5 shows the K and n values ofthe compound, the value ot"n' and 'K' slightly 
increases with application of coupling agent Cl. 
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These observations seem to indicate that the effect of' coupling agent on tile Inelt 
viscosity of' filled systems depends oil the polyincr/filler combination employed. 
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Figure 6-26 liar chart of PPI filled with 40% wt. of uncoated talc 'with and 
without coupling agent C2 at 200T. 
It appears from the bar chart that the addition of coupling agent C2 increased the 
viscosity of PPI to some extent, which confirms that coupling mechanism had 
occurred. Specific energy results (shown in section 5.5.2) were in agreement, as it 
seerns that spccific energy values were increasing, which also suggested that physical 
entanglement of chains were Occurring. 
Figure 6-27 below shows the elTect of double coated system, (with coupling agent CI 
and addition of coupling agent C2). It seems that the system viscosity increases 
slightly with addition of' the two Coupling agents. This could be due to the strong 
bonds that are already present between silane A] 100 treated talc and the polymer 
being further enhanced with the polybond material. Power law still remains valid for 
the double-coated system. The R2 values are added on to the graph indicating a good 
correlation between the points. 
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Figure 6-27 Shear stress vs. shear rate plot of PPI filled with 40%, wt. of 
uncoated and coated tale T3 at 200"C'. Effect of CI-C2 (R 2 values for PPI-40'173 is 
0.990 and for PPI-4OT3-C2 is 0.991). 
Table 6-6 shows the K and n values of the compound, the value of' il and K slightly 
increase with application of coupling system, indicating that the mechallisill is having 
a slight etTect on the viscosity. 
Table 6-6 Value of n and K. 
Material n-value K value 
PP1-40'F3 0.31 1138 
IT I -40'1'3-C'2 0.30 1230 
The Figure 6-28 is the re-plot of the graphs on har chart comparing the different types 
of coupling used in the study. It can be seen that only dill'ercrice in shear stress 
between the uncoated and coated COMPOLInds is that using tile reactive coupling 
system. 
205 
Ch(q)Ier 6 
250 
200 
150 
100 
50 
0 
OPP1-40T3 
M PP1 -AnT'I-r'. 1 
Figure 6-28 Shear stress vs. shear rate plot of PPI filled with 40'Yo Nvt. of 
uncoated and coated tale T3 at NOT with different coupling agents. (Effect of 
coupling type). 
6.1.7 Summary 
Two IT polymers (PP1 and 11112) were used in this research programme. It was 
found that both polymers folloxý the power law over the range of shear rates used 
in this study. Little difference was found between the shear viscosity of two 
polymer grades in capillary rheorneter studies. 
Increasing the talc filler content always increased the shear viscosity of PlI at tile 
sarne shear rates. 
The theoretical relationship between the relative viscosity and volume fraction of 
-2 0 
filler is given by: il, =I- This equation seems to predict viscosit,, data 
reasonably well, for low VOILIMe fractions of filler. llo\ýcver, this equation 
predicts higher values of relative viscosity Ior some talc-t-illcd compounds at a 
higher volume fraction offiller. 
206 
100 1000 2000 3000 4000 
Shear Rate (s") 
Chapter 6 
9A model equation of the type il, = (I + k4 ý+ k5 ý2 ) has also been proposed, which 
accurately predicts the relative viscosity of the compounds for different volume 
fractions of talc filler (over the range of shear rates used in this study). 
* Filler shape (particle morphology) shows some influence on viscosity i. e. shear 
viscosity increases with an increase in surface area. However this pattern could 
not be established for all compounds prepared. 
Filler particle size used in this study does not show any significant effect on 
viscosity. 
Coating (0) levels up to 5% wt. have little effect on viscosity, for the compound 
used in this study under the specified conditions. However, compounds with 10% 
wt. of coating on talc shows a decrease in viscosity due to some unreacted silane 
in the system. An apparent onset of dilatancy was observed at very high shear 
rates with these compounds. Addition of external lubricant up to 2% wt., did not 
produce any change in viscosity. 
Addition of a reactive coupling agent increased the viscosity slightly and 
consistently, for all compounds studied. However, the increase was relatively 
small, which was due to high rates of shear involved in capillary rheometry, at 
which the behaviour of the polymer chains dominates the rheological response. 
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6.2 Wall slip analysis 
Wall slip in capillary flow is a well established issue and rheologists should be 
familiar with the classical treatment of Mooney [32]. Any rheometer or viscometer 
geometry can show slip effects under the appropriate circumstances, but those with 
smooth walls and high shear rate gradients are most vulnerable [33]. Certain polymers 
can not be extruded by a conventional screw extruder because of slip behaviour but 
rather have been successfully extruded with a continuous flow ram extruder, since the 
ram pushes rather than drags the polymer towards the die. 
Therefore it is necessary to characterise wall slip, preferably in a quantitative manner. 
Six dies having a constant L/D ratio were used for wall slip analysis, flow curves were 
produced for each compound tested as detailed in section 4.7.7. The raw data for the 
graphs are complied in Appendix A. 10. 
The data obtained from the flow curves were reprocessed to analyse the possibility of 
wall slip behaviour. Figure 6-29 shows the wall slip analysis for compound PPI. 
Positive wall slip is indicated if the graph of nominal shear rate plotted against the 
reciprocal of the die radius shows a positive gradient at a given shear stress, as 
discussed in section 4.7.7. A zero gradient indicates zero wall slip. It can be seen from 
the graph that lines of constant shear stress have slopes greater than zero, for shear 
stress level above 180 kPa. i. e. slip had generally occurred. Hatzikiriakos [34] used 
Profax 6631 PP to calculate wall slip at a temperature of 200'C, using three dies 
having different diameters but constant a L/D ratio of 40. He did not show the plot of 
shear rate vs. reciprocal of die radius, but concluded from the flow curves that slip 
was not occurring, by seeing practically no divergence of flow curves for wall shear 
stress less than 0.16 MPa as seen with LLDPE. Their data for shear stresses greater 
than 0.2 MPa were not conclusive. 
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Figure 6-29 Wall slip Analysis for PPI unfilled at 200T with different values of 
shear stress (kPa). 
In this study, the slopes of the lines of constant shear stress \\ cre detcrimud Using thC 
software from which the graphs were produced, and the wall slip velocity (Vs) was 
hence calculated as described in section 33.2.3 and Appendix A. 10. 
Figure 6-10 slio\,,, s the plot of slip velocity versus shear stress for unfilled PPI. It can 
be seen from the graphs that slip velocity increases with the shear stress. There is a 
critical valLie of shear stress ( 100 kl1a) below which slip velocity is negligible. 
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Figure 6-30 Plot of slip velocity vs. slicar stress for unfilled PPI at 200')C. 
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Wall slip is normally observed where there is an external lubricating layer between 
tile polymer and the die wall, as shown in Figure 6-11. It is thought that slip is 
occurring because of an obvious cxtci-naI lubricant in the system, as often happens 
with PVC. For IT, it is likely that there is an additive on the surface, which produces 
a 'slip layer' on the die surface that provides a sharp, low energy interface over which, 
at sufficiently high shear stress, the fluid PP can slip. When the P11 is sheared. a large 
velocity gradient is produced in this slip layer, resulting in apparent slippage of the 
bulk fluid. Slip agents are used in I'll films and sheets to provide surface lubrication 
during and immediately after processing [3)]. 
Figure 6-31 Flomv profile under a wall slip condition. 
6.2.1 Magnitude of slip velocity 
From the Figure 6-30 it was clear that the maximum value of slip velocity was around 
488 rnrn/sec at a shear stress of 280 kPa I-or IT. However, the slip velocity noted by 
some researchers [35,36,337,38,339] For LLDIIE and HDPE were in the ranges frorn 
240 nim/sec to 450 rnrn/sec. Therefore the value of 500 mm/sec was oil higher side. 
In order to check the validity of' the slip data, extrudate velocity (U) was calculated 
from the rarn velocity (Viý), assurning that the nielt is incompressible and that the 
VO1U111CtriC Output rate (Q) ofthe capillary die is equal to the volunictric displacement 
rate ofthe ram. 
i. Qcapillary ý Qbarrel (6.2) 
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22 Ux 7rR =-- V. x 7rRb 
(R 2 2) Uý--VRX 
bIR 
Where 
U= extrudate velocity 
VR = ram velocity 
R= capillary radius (known) 
Rb = Barrel radius (9.6 mm) 
(6.3) 
(6.4) 
Using VR = 4.47 mm/s. and R=0.65 mm, in equation 6.4, the extrudate velocity 
obtained was 954 mm/s. This extrudate velocity was higher than the slip velocity 
suggesting that high value of slip velocity i. e. 500 mm/s could be possible. 
Please note that in experiments the maximum piston speed used was 286 mm/min. 
However in most cases the piston speed used was 268 mm/min. Also please note that 
VR should be in mm/s, in order to obtain the extrudate velocity in mm/s 
6.2.2 Effect of filler morphology 
The effect of filler particle morphology on wall slip was studied using three uncoated 
grades of talc filler TI, T2 and T3. These fillers were generally classified into three 
classes platey (TI), acicular (T2) and spherical (T3) (see material section 5.1.1). The 
surface area values of the talc are quoted in section 5.1.3. The percentage of fillers 
used were 10,20 and 60% wt. Figure 6-32 shows the effect of filler morphology on 
10% wt. filled PPI compound tested at 200'C. Raw data are presented in Appendix 
A. 10, Tables A. 10-2 to A. 10- 10 for all percentages. It can be seen from the plot that 
filler morphology had significant effect on slip velocity. At 10% wt. of filler loading, 
compound containing T2 filler particles have a higher slip velocity than PP with the 
other particles, and the difference between T2 and T3 is not very large. On the other 
hand it seems that TI particles has a little bit lower slip velocity than the other two 
particles. Seeing the SEM photograph in section 5.1.1.1, it can be seen that these 
particles have a platey morphology having a surface area of 4.769 rn 2/g (smallest of 
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Figure 6-32 Slip velocities versus shear stress plot for 10 'YO wt. PPI filled with 
different morphology tale fillers (TI, T2, T3) at temperature 200T. 
One of the possible explanations tor untilled and filled P11 would be Slip OCCUrring 
within the melt, bUt near the wall, it is assurned that a thin lubricating layer was 
formed which wets the stainless steel capillary surfaces. forming a adhesive bond. A LI 
schematic representation of' the situation prevailing in the capillary is illustrated in 
FIgUre 33-15. Tile nielt residing nearthe wall ofthe microscopically rough die wets the 
S ace, f-illing in all the holes and valleys present and florins a mechanical key. This Urf. 
melt remains relatively stagnant ClUring flow. A slip interlace 1,61-111s near tile die wall, 
where the shear stress is greatest, between the stagnant layer and tile main body of' the 
flowing polymer, which also retains a velocity gradient. Under these conditions, the 
slip process is governed by the self-adhesion of' the two layers of' melt in close 
contact. It is reasonable to suppose that such self-adhesion of two layers is governed 
bythe interpenetrating of nio I cc Li I ar chain across the sI ip interlace 1351.1 f so, the slip 
velocity (V, ) should depend upon movenlent'S Of 11101CCUlar chains across the 
niterphase. 
I'xplanati( n of such behaviour of Pl' with talc TI tilled particles is that at relatively 
high shear stress (critical shear stress) T] particles are aligning themselves in the 
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capillary in the flow direction. Since 'Il particles are of a platcy IlatUrc theret'ore in 
aligning (at lower pci-centage) the particles start to rotate, ifthis is the case then due to 
plate), shape of talc particles it is logical to suppose the talc particle T] will modify 
the ILibricating layer which is promoting slip. Hence TI particle will lower the slip 
velocities, at a given shear stress. 
FigUre 6-33 gives plots ot'slip velocity verSLIS Shear Stress, I'm 20% wt. talc-1-illed ITI 
compounds. It can be seen that at 20% wt. of' filler loading, slip velocity increases 
with increasing shear stress. There is also not nILICh difference bctween T2 and T') talc 
filler. However in contrast to TI filled compound shows a higher slip velocity, nearly 
equivalent to that of the unfilled 111) polymer. 
600 
500 x PP1 
E 
400 * PP1-20T1 E 
a PPl-20T2 
300 PP1-20T3 
0 
(1) > 200 
a 
100 
0 
0 50 
x 
. 
4 
0 
100 150 200 250 300 
Shear Stress (k Pa) 
Figure 6-33 Slip velocities versus shear stress plot for 20 %, mvt. PPI filled 'with 
different morpholo*, talc fillers (TI, '172, T3) at temperature 200T. 
Overall there is a good correlation between slip data Im- Pl' with 10 and 20', 'ý'o wt. talc 
(Figure 6-32 and FigUre 6-33)-, only tile platey Tl is different. As the concentration of 
filler increases the number of particles per Linit volume increases and therefore the 
effectiveness of the lubricating layer is reduced xvith higher concentration, so that a 
decrease in slip velocity was observed. 
I loxvcver. the reason for increase in slip velocity with 'I'l particles might be due to the 
I'act that as filler concentration increased, frec volume decreased. T] particles have a 
platcy structUre and require more free space than other particles, (spherical and 
acicular) particles to rotate freely. Therefore TI particles (2W, ýo wt. ) cannot rotate as 
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I'l-cely as in IM/0 wt. of' loading which nicans that lubricating layer remain intact. 
I lence, in such a case we would normally see higher slip velocity. 
Figure 6-34 shows the slip velocity versus slicar stress plot of 60% wt. filled 
COMPOLInd with different morphology talc. It can be seen that at a 60'Vo Nvt. the 
dilTerence between the slip velocity is negligible because we were observing very 
little slip, which can be considered as negligible. There is no practical increase in 
gradient in the 100 to 300 kPa shear stress ranges. Theretlore no conclusive results 
could be drawn frorn 60% wt. filled compounds with different morphology. It is 
believed this high loading of fillers is sufficient to break the continuity of the 
lubricating layer and a uniform filin may not be formed, so parts of the walls are 
exposed directly to P11. In this case, the polymer molecules are mechanically locked 
onto the exposed parts ofthe SUrface and reduce slip. 
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Figure 6-34 Slip velocities versus shear stress plot for 60 'Yo wt. IT I filled Nvith 
different morphology talc fillers (TI, T2, T3) at temperature 200')C. 
Another reason t'()i- observing slip, is that talc liller imulit be actino as anti-plasticizer L- 
for our composite system by suppressing the slip velocity. This reason seenis to be 
well representing OUr data, It' we aSSLIIIIC that an external lubricant is present in tile 
systcm. Some researcher 140,411 found that slip velocity increases with processing 
alds. 
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6.2.3 Effect of filler particle size 
The uncoated tillers used in this investigation were T4 (7.89 pin), T5 (9.72 ýLm) and 
T6 (17.11 prn), these particles obtained froin the same talc feedstock having dil'tucrit 
particle si/c diStribUtiOn (Section 5.1.2) and the filler loadings were 10,20,60% wt.. 
Raw data are presented in Appendix A. 10, Tables A. 10-10 to A. 10-19. Figure 6-35 
gives plots of slip velocity versus shear stress, for 10% wt. talc-filled I"Il compound 
l'or ditTerent talc particle sizes. It can be seen that at 10% wt. of tiller loading, slip 
velocity increases with increasing shear stress. There was not much difference 
between T4 and T5 talc fillers. However, T6 filled COMPOLInd showed slip velocity 
less than the other two compounds. 
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Figure 6-35 Slip velocities versus shear stress plot for 10'Yo wt. PPI filled 'with 
different particle sizes talc fillers (14, T-55, '176) at temperature 200"C. 
As the filler loading was increased to 20% NA't. the dilTerence bcoNcen the slip 
velocities of the compounds was rcdLICcd. I lowever with T5 compound only three 
data points were obtained as at higher shear rates i. e. negligible slip. 'rhis may be due 
to particles hindering the flow of polymer. 
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Figure 6-36 Slip velocities versus shear stress plot for 20'Y,, wt. PI'l filled with 
different particle sizes talc fillers J4, '1"55, T6) at temperature 200"C'. 
Slip clata for three LHICoated 60% wt. talc-filled lIl compounds are presented as plots 
of slip velocity versus shear rate in Figure 6-37 
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Figure 6-37 Slip velocities versus shear stress plot for 60% wt. ITI filled with 
different particle sizes title fillers J4, T5, T6) at temperature 200T. 
Again there was not any appreciable difTerence between slip -Velocity of tile three 
lilled compounds, but the slip velocity was found to well belo-, x that ofunfilled ITI - 
It is belicved that smaller particles having larger surface areas will have a greatcr 
tendency to modify tile lubricating layer and as a COIISC(ILICIICC Will have recILICed the 
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slip velocity. However, the differences between the specific surface areas (section 
5.1.3) may not be sufficient to see an appreciable difference in slip velocity with 
respect to talc particle size. It is therefore concluded from the graphs above, that 
particle size (over the range studied) has very little effect on slip velocity. 
Soltani and Ylimazer [42] performed rheological characterisation of highly filled 
suspensions consisting of a Newtonian matrix (hydroxyl-terminated polybutadiene), 
mixed with two different sizes of aluminium powder (30% vol. ) and two different 
sizes of glass beads (50% vol. ), using a parallel disc rheometer to examine wall slip 
phenomenon. The particle average diameters used are shown in Table 6-7. 
Table 6-7 Solid particles diameters. 
Raw Material Average DiameteT (ýtm) 
Aluminium 5 and 10 
Glass beads 46 and 150 1 
As proposed in their paper the slip flow of the suspension took place through the 
formation of a thin fluid-rich layer at the wall (thickness 8), allowing the suspension 
to slide through. This layer is referred to as the slip layer thickness, in the context of 
apparent slip mechanism. When material is sheared, large velocity gradients are 
produced in this low viscosity layer, resulting in apparent slippage of the bulk fluid. 
The author calculated the slip layer thickness using the formula: 5= 
U-27-' 
, where U, TR 
is slip velocity, ils is the viscosity of the suspending medium and TR shear stress. They 
found that slip layer thickness increases proportionally with increasing size of the 
particle for glass beads. In these suspensions, the slip velocity increased linearly with 
the shear stress. However, in their study suspensions with the smallest particles of 
alurninium (5 Rm), did not show slip. 
6.2.4 Effect of filler content 
The effect of filler content on the slip velocity PP I compounds was further studied 
using all six grades of talc used in this programme. Slip velocities of PP I compounds 
(unfilled, filled with talc) were obtained at a temperature of 2000C. In Figure 6-38 slip 
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velocity is plotted against shear stress for talc T4 \vith 10,20 and 00-0 Nvt. of loading. 
As is clear from Figure 6-38, as the loading of the talc is increased. the slip velocity 
decreased, at a given shear stress. The maxiIIILI111 slip was observed with virgin PPI 
polymcr. 
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Figure 6-38 Plots of slip velocities versus shear stress for PP 1vith different 
loading levels ot'14 talc particle at tenipcrature 200"C. 
As the filler content increased the slip layer was reduced due to interface velocity 
modification (change in velocity prolile), which as a consequence reduced slip. We 
have seen a pattern with '174 filled compound in Figure 6-18 i. e. there is value of 
critical shear stress for Slip to OCCLII- appreciably. The slip velocity, Vs, vel'SLIS shear 
stress, T, behaviour follows an approximately linear relationship for Filled compounds. 
Figure 6-39 shows the plot of slip velocity versus shear stresses for unfilled and T2 
filled IT I COMPOLInds. Figure 6-39 shows that slip velocity increases with shear stress 
tbr T2 filled compound. Slip velocity decreased with increase of' filler loading. There 
is a critical shear stress below which there is negligible slip and data Im most 
compounds shows trends that approximates to linearity. 
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Figure 6-39 Plots of slip velocities versus shear stress for I'll' with different 
loading levels of T4 talc particle at temperature 200"C'. 
Figure 6-40 shows a plot of slip velocity versus shear stress, Cor unlilled IT and talc 
T3 filled PPI compounds. It appears from Figure 6-40 that there is a critical shear 
stress below which there is negligible slip and data for the filled polymer, is linear. 
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Figure 6-40 Plots of slip velocities versus shear stress for PP with different 
loading, levels of T4 tale particle at temperature 200"C. 
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From the above sets results it seems that slip mechanism is such that slip velocity not 
only depends upon shear stress but also significantly on the volume fraction of talc 
fillers. 
6.2.5 A new model for the relationship between slip velocity and talc 
concentration 
A new model has been developed on the basis of the above results, which takes into 
account the concentration of filled polymer. It is believed that this thesis may be the 
first report which attempts to quantify such relationships. 
If the slip velocity versus shear stress is assumed to be linear, the model seems to 
obey the relation: 
(6.5) 
kl (0) 
Where 
V, = Slip velocity 
T= Shear stress 
TC = Critical shear stress (onset of wall slip) 
ki = Constant depending upon volume fraction of filler 
The value of r, and k, were determined for the compound studied from the 
relationship present above. The values are presented in Table 6-8 (below): 
Table 6-8 Value of Tc and K estimated from relationship 6.5. 
Compound T, (N/M2 ki Compound T, (NIM 2 k, 
PPMOT1 190 0.43 PP 1-20T4 165 0.48 
PPMOT2 174 0.33 PP 1 -20T5 263 -0.64 
PPI-IOT3 177 0.36 PP 1 -20T6 178 0.32 
PPI-IOT4 175 0.26 PPl-60TI 124 0.25 
PPI-IOT5 170 0.29 PP 1 -60T2 217 -0.01 
PPI-IOT6 149 0.59 PP 1 -60T3 163 7.28 
PPI-20TI 164 0.26 PP 1 -60T4 161 1.28 
PPI-2OT2 159 0.62 PP 1 -60T5 215 0.37 
PPI-2OT3 180 0.54 PP 1-60T6 192 0.46 
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From this information, values of V, can then be predicted for all values of r and 0. 
Once V, is known, the original Mooney equation can be used to predict modifiedr/y 
relationships, taking V, into account. 
From the Table 6-8, we observe that the values of r, and k, change with the filler 
morphology. At a nominal filler loading of 10 % wt., we observe that the talc T2 (i. e. 
high surface area) filled compounds have the lowest value of Tc and k. 
At a nominal filler loading of 20% wt., the trends are similar i. e. T2 filled compound 
give lower value of rc but the value of k was not the lowest. However 60% wt. filled 
compound, the trend observed with 10 and 20% wt. filled compound could not be 
established, here the T2 filled compound gave higher value of -cc but its value of k, 
was lowest. 
The trend observed with different particle size for a nominal loading of 20 and 60% 
wt. was that smaller talc particle T4 (higher surface area) gave the lower value of 'r, 
However, this trend was not observed with 10% wt. filled compound. Therefore the 
general trend with different morphologies is that a filler having high surface area 
gives lower value of r,, and with different particle sizes, the filler with smallest size 
gives lowerrc. 
The general trend observed with different loading of talc (TI, T2, T3 and T4) filled 
compounds is that, as the percentage of filler increases the value of Tc is decreases. 
However, this trend could not be established for T5 and T6 filled compound. 
Figure 6-41 shows the plot of slip velocity versus actual volume fraction of filler (see 
section 5.6.1) for T3 filled compound at 2000C. It can be seen from the Figure 6-41 
that as the volume fraction of filler increases the slip velocity tended to decrease. The 
curve converges at higher volume fraction of filler and at volume fraction of 0.30 the 
slip velocity is negligible. 
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Figure 6-41 Slip velocity vs. volume fraction for different shear stress of PP filled 
with T3 talc particles at temperature 2000C. 
The slip velocity obtained from Figure 6-41 was normalised with virgin PP to find 
"relative slip" defined as 
Vrel ý Vs(PP) / Vs(o (6.6) 
Where 
V, (pp) is the slip velocity of unfilled polymer 
V, (O is the slip velocity of the filled compound 
In Figure 6-42 the relative slip was plotted against the actual volume fraction of filler. 
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Figure 6-42 Relative velocities vs. volume fraction of filler for different shear 
stress of PP filled with T3 tale particles at temperature 200T. 
It appears from Figure 6-42 that the experimental ValLics could he titted to all 
empirical model for the slip velocity of talc-filled ITI compounds. This model is to 
predict the relative slip velocity in term of volume fraction of filler, which is given as: 
1 'r ýC '4 0( ýo (6.7) 
Where 
Vrel = Relative slip velocity 
0= Volume fraction of filler 
C4, C5= Constants dependent upon shcar stress. 
The values 01' C4 and C5 were estimated For all compounds StUdied and are given in 
Table 6-9. From the Table 6-9, It was observed that the values of' A and 13 changed 
with the liller morphology, T2 (lilgh surface area talc) filled compound gave the lower 
value. The trend observed with talc of' different particle size is that tile smaller 
particle (T4) gives lower values 01' C4, the valLie of' C. ý increases Axith increase in 
particle size but this trend could not be I'Lilly established. 
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Table 6-9 Estimated values of C., and C, - 
("I ci 
1.38 5.00 
T2 1.05 9.54 
T3 1.17 11.56 
T4 1.03 7.39 
T5 1.04 10.14 
T6 1.25 4.04 
6.2.6 Effect of coating agents I., 
I, igurc 6-43 represents the data for uncoated and coated T') talc-filled PPI plotted as 
slip velocity versus shear stress. Raw data is included in Appendix A. 10, Tables A. 10- 
20 to A. 10-24. The coating C3 is A-137 silane, which was believed to have sorne 
reaction will the filler (see section 4.1.3.2), coating contents used were 1,2,5, and 
10% wt. In this case coated talc compounds have higher slip velocities than those of 
the uncoated talc compound, and an increase in slip velocity is more evident at high 
shear stress and higher coating level. 
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Figure 6-43 Slip velocities vs. shear stress plot of lIP1 filled with 40% "'t. age of 
uncoated and coated talc T3 at 200')C with different levels of coating A-137 
(effect of coatings level). 
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Here two mechanisms were acting simultaneously. One of the possibilities is that 
coating had changed the surface chemistry of the filler, so there is an immobile layer 
of PP close to the particles. This PP enveloped tale, whilst being extruded is less 
likely to modify the boundary slip layer, that is formed at the capillary wall. A second 
possibility could be that some unreacted coating was present in the system. 
Theoretically the amount of silane for a monolayer coating is 1.75% wt. Therefore it 
is possible that the unreacted coating during capillary extrusion will migrate to the 
confining walls of the shear field to form a film of the additive or, more likely, an 
additive-rich mixture with PP, which is more likely to generate increased wall slip. 
By adding a coating agent, the wall slippage would be increased by means of a more 
efficient slip film. These findings seem to be in agreement with Leblanc [43], who 
used capillary rheometer to characterise natural rubber compounds containing various 
lubricants, i. e. mixtures of fatty acid, paraffin oil and aromatic processing oil. He 
concluded that by adding an external lubricant (i. e. 'incompatible' material with the 
compound), the wall slippage would be increased by means of a more efficient film 
causing slip effect close to the flow boundary. We have also evidence of unreacted 
coating in FTIR studies (section 5.2.2.4), especially at higher levels of coating. 
Figure 6-44 illustrates a typical response obtained from PPI compounds filled with 
40% wt. of coated talc T3 filler tested at 200'C. Six dies were used to study the effect 
of coupling agent for a constant L/D of 10. The amount of coupling agent Cl, (see 
section 4.1.3 for details) used was 2% wt. The amount of C2 (section 4.1.3) used was 
5% wt.. A double coupling system was also used which was combination of CI and 
C2. Raw data is included in Appendix A. 10, Table A. 10-20 and Tables A. 10-25 to 
A. 10-27. 
It appears that the slip velocity increased with an increase in shear stress and that pre- 
treating talc T3 with Cl coupling agent increases the slip. Also, the addition of 5% wt. 
C2 increased the slip velocity. It seems that the system slip decreased with addition of 
either of the two coupling agents. It is assumed that coupling agent had coated the 
filler. 
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Figure 6-44 Slip velocities vs. shear stress for PPI filled with 40%, -, vt. of 
uncoated and coated talc T3 at 200T with different levels of coupling agents. 
Leblanc [41] also found that in natural rubber compounds containing varimis C- 
lubricants, an internal lubricant, (because of its better compatibility with the rubber 
compound). was able to decrease wall slip in comparison to the control compound. 
The effect of coating and coupling agents can best be surnmarised as shown in the 
Figure 6-45 below, where it can be seen from the graph that lowest slip was obtained 
for an uncoated talc-filled compound. Coating the talc with coupling agent gave 
higher slip velocity than for the uncoated. The slip velocity obtained using coatings 
agents were higher than those obtained Nxith coupling agent but rcmains lower than 
that of unfilled system. 
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Figure 6-45 Plot of slip velocities vs. shear stress of ITI and I"I'l filled Nvith 40% 
wt. of uncoated and coated talc T3 at 200"C with different of coupling agents and 
coatings. 
6.2.7 Summary 
Slip velocities of Linfilled ITI and talc-filled ITI systems were studied by capillary 
rheometry. The effects of various uncoated talc fillers (content. 111orpholooy and 
particle size), have also been studied along, alongwith the CITeCtS Ot'COatHIg/COUPIIIIg 
agents. The results of the study showed that: 
tIii f-i II ed I 1111 ý (d Lie to t 
IIC e ITCCt 0f L111 Spec If ied add iti ves), coll si stell tIy shows 
evidence ol'\\all slip and slip velocity increased systematically with shear stress. 
The slip velocity was reduced by adding increasing quantities of' talc into the PlI 
and approached zero at a norninal loading ol'60% NA, t. 
A new mechanism of slip has been proposed which explains the slip data for 
unfilled and filled IT. According to this mechanism there a 'slip layer' on the die 
surface that provides a sharp, low energy interface over which, at SLIfficlently high 
shear stress, the fluid IT can slip. When the IT is sheared, a large velocitv 
gradient is prodLICed in this slip layer, I'CSLlItillU, in apparent S1111page Of the hLIlk 
111-lid. 
In a IjllccI polymer system at relatively high shear stress (critical shear stress) 
irregular talc particles align themselves in the capillary, in the flow direction. 
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Therefore in aligning (at lower percentage) the particles start to rotate. If this is 
the case then it is logical to suppose the talc particle will modify the boundary slip 
layer, which is promoting slip. Hence talc particle will change the slip velocities, 
at a given shear stress. 
*A new empirical model has been presented for the slip velocity of filled PP, which 
extends existing theory by predicting the slip velocity as a function of talc volume 
fraction. The model fits the experimental values obtained. 
9 It was also found that particle morphology has an effect on slip velocity with TI 
(platey particles) filled compound showing the lowest slip velocity at a loading of 
10% wt. However, there is little effect on wall slip of PP due to talc particle size. 
* Slip velocity increases by coating talc with either silane coupling or coating agents 
due interface velocity modification. 
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7 Results and discussion III - elasticity and melt fracture 
7.1 Elastic effects in shearflow 
Die swell may be explained as follows: - under shear stress, the polymer molecules 
are forced to orient in the flow direction of the material, then the stress is released at 
the exit of the capillary and the polymer swells due to the Barus effect. The extrudate 
swelling [1] is due to (i) the dynamic component resulting from the recovery of chains 
from shear perturbation in the die, adjustment of velocity profile, normal forces and 
other dynamic effects, and (ii) the viscoelastic nature of polymer melt. Of these two, 
the viscoelastic effect dominates. The viscoelastic contribution of the swelling is due 
to molecular orientation caused by the extensional flow in the entrance region of the 
die capillary and shear deformation within the capillary. It is presumed that some of 
the molecular orientation imparted to the polymer in the entrance region can relax out 
in the die capillary itself. From the rheological point of view, on the other hand, it is 
believed that die swell occurs as a result of the recovery of the elastic deformation 
imposed in the capillary. It is clear that a deformed element of fluid exhibiting 
retarded elasticity will not recover its elastic deformation instantaneously as it 
emerges from capillary. Instead, it will travel some distance from the exit of the die, 
while recovering is proceeding. This distance will depend on the velocity of the fluid 
element leaving the tube exit and the characteristic time of the material concerned. 
In this section, the influence of particle size, filler morphology and coating on 
extrudate swell is discussed, thereafter, the influence of coupling agent is considered. 
Also, factors governing extrudate swell are identified. Five readings were taken on 
samples. Average values are plotted in graph, variation in the values is included in 
Appendix A. 11. 
7.1.1 Effect of molecular structure 
Of the two polymers PPI and PP2, PPI (i. e. PPLY6100) having lower molecular 
weight than PP2 which is (i. e. Asdif T2101) (see section 4.1.1 for details). These 
polymers were used to study the effect of weight average molecular weight (M,,, ) and 
232 
( 'lit iptcr 7 
molecular weight distribution (MWD). Four dies having length to diameter ratio of 
zero, five, ten and twenty, were used in this study. Raw data tor each of tile polymers 
are given in the Appendix A. 11, Table A. II -I and Table A. 11-2 
Figure 7-1 shows plots of die swell ratio versus shear rate, lor two polymers, for a 
capillary length to diameter (1, /D) ratios of 0 and 20. It is seen that die swell ratio 
increased as shear rate increased. It can also be seen that the die swell ratio for PP2 
was higher than for 11111, suggesting that swell increased with increasing weight 
average molecular weight (M,,, ). 
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Figure 7-1 Plot of die swell ratio versus shear rate for unfilled PlI'l and PP2 at 
NOT from orifice die (L/D = 0) and long die (L/D = 20), effect of molecular 
weight. 
As the molten polymer flows into the capillary, orientation of the polymer chains 
OCCLirs due to tensile stress. When the melt emerges from tile die, a polymer molecule 
tends to recoil, leading to the phenomenon of die swell. This call be attributed to a 
rclaxation effect due to recovery of tile elastic det'orination imposed at the capillary 
entrance. 
The response frorn the dies having L/D ratios of 5 and 10 were similar to the zero 
length die except that the swell was slightly reduced and the CUrves From the two 
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polymers (PP1 and PP2) were closer to each other. Therefore recovery of elastic 
tensile strains tends to distinguish the polymers better. 
As the length of die increased the response from polymer is the contribution of both 
extensional flow (in the entrance region to the die capillary) and shear deformation 
(within the capillary). It is presumed that some of the molecular orientation imparted 
to the polymer in the entrance region can relax out in the die capillary itself. This is 
not possible with zero length dies. It was also observed that swelling increased with 
increasing shear rate. This can be explained because at high shear rates, the residence 
time of the material in the capillary decreases and hence, more elastic energy is stored 
by the polymer. Also, shear stress is higher therefore greater normal stress and 
molecular alignment, hence swell. 
Some researcher [2,3] studied the effect of (average) molecular weight. They found 
that higher molecular weights produce greater swelling at equal shear rates. 
Orientation will tend to be higher when processing polymers of higher molecular 
weight [4]. Thus the polymer with higher molecular weight will respond with larger 
swell after emerging from the die, keeping all the other variables constant. 
The Figure 7-2 shows the plot of swell ratio versus L/R ratio for PPl. It can be seen 
that at a fixed shear rate die swell decreases with the length of the die. With a longer 
die the response from polymer is the contribution of both extensional flow, (in the 
entrance region of the die) and shear deformation (within the die). It is presumed that 
some of the molecular orientation imparted to the polymer in the entrance region can 
relax out in the die itself. The lower swell from the long capillary was due to the fact 
that chains get time to relax in the long die before emerging out i. e. the residence time 
of the material is increased and hence the material can relax and less elastic energy is 
stored. 
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Figure 7-2 Plot of swell ratio versus LAI ratio for unfilled PPI at 200T. 
7.1.1.1 Effect of uncoated talc filler 
Uncoated talc TI (10,20,40 and 60% wt. ) was added to the two polymers. Die swell 
of talc-filled PP compounds, tested at 200"C were measured (see Appendix A. 11, 
Table A. ] 1-3 to A. II -10). Figure 7-3 shows a plot ofdie swell against shear rate for a 
zero length die having a norninal 10% wt. talc loading, showing the effect of A4,,, 
Inspection of' Figure 7-3 shows that the blend systern also I'ollows the sarne pattern as 
unfilled polymer i. e. the die swell ratio increases as shear rate is increased, which can 
be interpreted as saying that the arnount of'recoverable elastic energy put into tile Illelt 
while flowing in tile capillary increases as shear rate is increased. Swell ratio 
increases with increasing weight average molecular weight ( Nf,,, ). The inclusion of 
talc in cach PP resulted in decreased in die swell throughout the test. 
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Figure 7-3 Plot of die sivell ratio versus shear rate for unfilled III, PP2 and 10%) 
, v, v, t. filled PPI and PP2 at 200"C from the L/D = 0, effect of molecular weight 
(M,, ) on die swell of filled compounds. 
'File rcsults for talc-filled polymers seemed to be in agreement, since tile polymer 
matrix dominantly controls the swell. The same description that explains tile etTect of' 
molecular weight oil unfilled polymer also seemed to apply to filled IIP. I'lle only 
ditTerence, observed is that the two curves come closer. The volunic fi-actions of' tiller 
was low which also made the differences in swell relatively low. 
It is interesting to note that the above graphs are responses fi-oin a zero length die. 
However, as the lcrigth of' tile die was increased the swell decreased overall and it 
decreased further with increased in amomits of' filler. Theref'Ore it becomes dill'icult to 
distinguish the swell from two compounds, meanim, that extensional flow has much C_ 
More 11111LICIlCe Oil Swell of' I illed COMPOLIFICI than Shear flow. 
Figure 7-4 shows the response for a long capillary die (L/D = 20). As it can be seen 
that there is not prominent difference between 11111-10TI and PP2-I0T2. It was 
dit'licult to distinguish betweeri the swell ratio oftwo compounds (11111-10TI and PP2- 
1 OT2) at a nomirial filler loading of'orily 10% wt. Therel'ore, it is not possible to draw 
any C011CILIS1011 abOUt tile 11111LICIlCe of' polymer molecular weight on talc-filled 
C01111101.1rids Crom long die. 
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However, it is quite clear from the graphs that as length of die increased the swell 
decreased due to relaxation of polymer chains within the die. Swell also decreased 
with an increase in talc content due to the fact that polymer chains mobility and 
ability to relax is constrained by the talc. 
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Figure 7-4 Plot of die swell ratio versus shear rate for unfilled PPI, PP2 and 10% 
wt. filled III and IT2 at 200"C from die L/D = 20, effect of molecular weight 
(M,, ) on die s-, N ell of filled compounds. 
As it can be seen. even with only 10% vi. of loading and die length of zero the 
difference bemeen the filled polymer (e. g. 11PI-10TI and PP2-IOT2) was not so 
prominent. The svýcll from the filled compounds (20.40 and 60% wt. ) were less than 
the 10% wt. systern. therefore the difference between filled P111 and PP2 was further 
reduced. The swell data for these percentages (i. e. 20,40 and 60% NA1. ) are not 
presented here. hoýýever, it is included in the Appendix A. 11. Hoxýever. data for 60% 
wt. for L/D ratio of zero is shown to make the point clear. Note: the effect of talc 
concentration on die sýN ell, as discussed later in section 7.1.22. 
Figure 7-5 shmvs a plot of die s\A,, ell against shear rate for a zero length die having a 
nominal 60% wi. TI talc loading, showing the effect of M, . It can 
be seen from the 
figure that at such high loading of filler the difference between tile two polymers 
completely disappears. This is mainly due to the fact that addition of fillers to 
polymer restrict the mobility of polymer chain, therefore the contribution of polymer 
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to swell is reduce. The lesser the contribution of' polymer the lesser the dilTel, clice 
between the polymer. I lence with higher loading of' filler we should see less swell 
hence less ditTerence between the two polymers swelling behaviour. Theretorc, it is 
concluded that for a higher loading of talc Filler, file difTerence between the polymer 
having dilTcrent molecular weight decreases, as in this case there was virtually no 
difference betwcen the two compounds studied. Therel'ore, it Is concluded that at a 
nominal loading of' 60% 0.25) of talc filler (TI ), the ciTect of' molccular 
,, vclght is negligible for 111' filled COMPOLInds, used ill this StLId)'. 
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Figure 7-5 Plot of die swell ratio versus shear rate for unfilled PPI, PP2 and 60% 
wt. filled PPI and PP2 at 200T from die L/D = 0, effect of molecular weight 
(M,, ) on die swell of filled compounds. 
7.1.2 Effect of filler Content 
The effect of tiller content on the swell ol' ITI compounds was t'Lli-ther studied Using 
Lill six grades of talc with L/D ratio of 0,5,10, and 20. Swell of PPI cornpOUnd, 
(fillcd vith varying talc content), obtained at a temperature of 200"C' was plotted 
against slicar rate. The actUal Volume fraction of 1-iller was obtained from the ashing 
tests (see section 5.6.1 ). Figures 7-10 to 7-13 indicate that swell ol'systern decreased 
when the volume fraction offiller increased for Tl tiller \vith L/D ratio ot'O, 5,10 and 
20 
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In Figure 7-6 all the compounds produced show a reduction in swell, i. e. tile elastic 
response decreased Nvith increasin, o filler loading. The total drop in the die swell ratio 
was 8')/0 for Tl tiller loading ofnearly 10% wt. The drop %\, is approximately 41')//o on it 
nominal loading of 60% wt. talc. These calculations were bascd on tile valLIC 01' 
Lintilled shear rate of 600 sec-I and at a temperature of 200"C'. The swell increases 
with increase in shear rate for all liller loading. 
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Figure 7-6 Plot of (fie sivell ratio versus shear rate for unfilled PPI and talc TI 
filled PPI compounds (different volume fraction) at 200('C from die L/D = 0, 
(effect of volume fraction of filler on (lie swell). 
In Figure 7-6 we see that the highest shear rates obtained by unfilled and filled I'll 
with the volume fi-actions of 0.0-33 and 0.07 are low as compared to filled I'll with the 
VOILIIIIC fractions of 0.16 and 0.25. The reason is that at these shear rates the onset of' 
melt fractUre starts. I lowever, for filled PP with the VOILIIIIC fraction of' 0.16 and 0.25 
the machine reached its limit. 
Ail addition of 1-iller (here talc) III to compounds leads to an increase in elastic 
modulus ofthc system (refer to section 7.1.3), therefore a reduction ofthe mobility of 
the moleCUlar chains under the ini'luence ofthe applied shear stress 15,61 and hence a 
low melt clasticitv. 
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FIgUre 7-7 presents the swell values of' IT materials with their compounds containino 
talc filler Cor a capillary die of l, /D ratio of twenty, I'M various loading of' talc. I lerc 
the trend was that the swell increased with shear rate and decreased with an increase 
in 1-iller concentration overall, however, the extruclate swell \ýas less than that 
observed with L/D of zero. Data obtained from other dies (i. e. capillary having L/D 
ratios of 5 and 10) shows the similar trends. 
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Figure 7-7 Plot of (lie swell ratio versus shear rate for unfilled PPI and talc I'l 
filled PPI compounds (different volunic fraction) at 200"C froin die L/D = 20, 
(effect of filler content on (lie swell). 
A greater quantity ol' solid particles (i. e. due to higher 1-iller loading) lead to more 
contacting areas (interlace) and a greater interaction hemecii the polymer matrix and 
talc filler. I lence, the polymer molecules \\ere less mobile Linder the Influence of' the 
applied stress. This makes the recovery of the elastic deformation less. Therefore tiller 
constrains the die swell ofthe polymer. This trend is strengthened when the volurne 
fraction of the filler is large, regardless of its chemical composition, particle shape. 
particle size distribution etc. 
All the graphs presented above are from a particular grade of talc-fillcd PP. I lowcver, 
we have obtained s"ell data I'm six difTercnt urades oftalc. Theretlore In order to see 
that similar trends are followed \wh other grades ofta1c, Nve have presented a plot of' 
S\wll ratio Versus Shear rates I'Or other grades mth a clic L/D ratio of' 0. Figure 7-8 
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pruscilts SNýell ratio 1'1'oiil tIlc '1'2 (aciculat- particles) lilled conipounds from an oi-ii-icc 
dIC dt ýI tC1lIPCI-, ttLII-e of 200"('. 
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Figure 7-8 Plot of die swell ratio versus shear rate for unfilled Pill and talc T2 
filled PPI compounds (different volume fraction) at 200"C from die L/D = 0, 
(effect of filler content on die swell). 
III FigUre 7-9 data are presented from an orifice capillary die-, the tiller used to prepare 
tile COMPOLIrld was T4. The trend is quite similar to that obtained with Tl and T2 
filled compound at a temperature of 200T. 
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Figure 7-9 Plot of die swell ratio versus shear rate for unfilled ITI and tale T4 
filled PP1 compounds (different volume fraction) at 200"C' from die L/D = 0, 
(effect of filler content on die swell). 
Figure 7-10 shows the sNýell fi-om '1'5 filled compounds, \\hIch strengthen the trends 
obtained previously with other filled COMPOUnds. 
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Figure 7-10 Plot of die sivell ratio versus shear rate for unfilled P111 and talc T5 
filled ITI compounds (different volume fraction) at 200"C from die L/D = 0, 
(effect of filler content on die swell). 
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Figure 7-11 Plot of die swell ratio versus shear rate for unfilled ITI and talc T6 
filled PPI compounds (different volume fraction) at 200Y from die L/D = 0, 
(effect of filler content on die swell). 
The trend obtained fi-orn T6 fillcd compound IS SlIOM1 III F)"Urc 7-11. T6 talc filler I 
has a larger particle size than other talc (T4 and T5) used. However, "'Ith this talc also 
the trend is similar to the T4 and T5 talc particles. 
Some researcher [5,7,8] had reported a decrease in swell with an increase in particle 
loading for filled IT melts. 
7.1.2.1 Mechanism to explain die swell data 
I lypothesis of "bound polymer- seenis to explain the trends very easily. The reason 
for the decrease in swell is due to the fact that as the amount of filler increases there 
arc more filler particles to adhere to the polymer. As more molten polymer material 
becomes bound to the particles (the number ot'particle increases) and is immobilised, 
the movements of chain of polymer melt arc restricted, which in turn means a lower 
elastic strain recovery elTect. 
Increasing apparent die wall shear rate increases swell t'or the Linfilled and tilled 
COMPOLInds, because the clet'ormation caused at higher shear rate is greater, and hence 
a high die swell. Similar observations of' extruclate swell of' unfilled and filled 
thermoplastic have been reported by earlier investigators 11,9,10,11,121. As 
mentioned earlier in the section f'or unfilled polymer that at high slicar rates the 
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residence time of' the matcrial In the capillary will be decreased and, hence more 
elastic energy remain stored in the polymer. This results In an increase in die swell. 
We also observed that the addition of' filler increased the elastic modulus of' the I-Iller, 
as dISCLIssed in section 7.1 . 33. 
We have seen that with the Tl I-illcd compound an increase in I. /D ratio decreased the 
swell of'thc fillcd compOLInd. Swell data was obtained Lising I'Mir dies of' L/D ratio of' 
0,5,10 and 20 tor all filled compounds. Theref'Ore to coni-Irm these results the results 
from T6 filled compound tor L/D ratio are presented in Figure 7-12. The results from 
-3 filled compound are presented in Figure 7-13 and an orifice and long die with I) .1 
Figure 7-14. Since the response with other filled compounds with clitTerent die lengths 
was similar, these results are not presented here but are t1ound in Appendix A. 11, 
Tables A. I1 -3 to A. 11-26. 
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Fig, ure 7-12 Plot of die sivell ratio versus shear rate for unfilled PPI and talc T6 
filled PIN compounds (different volume fraction) at 200"C from (lie L/D = 20, 
(effect of filler content on die swell). 
In general, increasing die L/D t'()i- all the compounds StUdied I-CCILICCS SWC11. Residence 
time is a crucial factor governing the clastic response of' the extruclate. By definition, 
tile residence time is the time that a polymer melt resides in tile die and theret'ore is 
proportional to die length. The longer the die, the longer the time tor stressed 
IIIOICCLIICS to dissipate their stored energy and thus tile lower tile extruclate swell. 
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l3agley et al. 1131 as well as IlLiang and White 1121 Found that extruclate s\NCII 
decreased as the che length increased. Z-- 
Figures 7-2 1 and 7-22 show I typical response I'Or another type of tatc-fiffled system 
I. e. T3 having pseudo-spherical particles, (see section 5.1.1 for detail). The response is 
qu I te sI n1i I ar when LIS ilIg talc T], b Lit ahI gher fi II er I oading (0=0.28) was achieved. 
Therel'ore graphs obtained from both short and long die are shown. As we call see 
from the Figure 7-13 that the extrudate swell with short die (1, /D = 0) was low for tile 
higher talc T3 loading (0-0.28). Figure 7-14 shows that the swell with a long die 
(L/D = 20) with high loading of talc T33 (0 = 0.28) was even lower than that tor an 
orifice die. 
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Figure 7-13 Plot of die sivell ratio versus shear rate for unfilled PPI and talc T3 
filled PPI compounds (different volume fraction) at 200"C from die L/D = 0, 
(effect of filler content on die swell). 
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Figure 7-14 Plot of die swell ratio versus slicar rate for unfilled PPI and tale T3 
filled ITI compounds (different volume fraction) at 200"C from (fie L/D = 20, 
(effect of filler content on die sivell). 
One of the reasons Ior such a low swell obsct-\-cd with T') filled compounds was that 
higher filler loading was achieved during COMPOLInding with filler I"), which in turn 
decreased the mobility of tiller and hence as a result decreased the swell of the 
compounds. Addition of filler also increased the modulus of tile compound and hence 
gives lower swell, see section 7.1.3 
Swell ratio is plotted against volume fraction of tiller (1-1) at a shear rate of 100 see-' 
and 600 see-' in Figure 7-15. 
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Figure 7-15 Plot of die swell ratio versus volume fraction for talc Tl filled PIIA 
compounds (shear rate 100,600 s- at 200"C from (lie L/D = 5, (effect of filler 
content on die swell). 
As can be seen from Figure 7-1 5ý the die swell ratio decreased with an increase in tile 
talc fillcr, SLIggCSting that the extensional and slicar modulus may have increased for 
tile sarne reason. 
The significaricc of swelling ratio as a qualitative guide to elasticity, is enhanced by 
the case with which it can be monitored, and by its similarity to the swelling 
encountered during conversion processes. However, not all practical processes are 
concerned with rhelogy based on capillary extrusion. It is thus desirable to convert 
experimental values of swelling ratio form capillary extrusion into IIIOdUlLIs data. froin 
\\11ich elasticity effects for other gconictres ot'dic may be predicted. 
7.1.3 Shear and extensional modulus 
It might be expected that a l'iller will increase slicar and extensional modulus, thereby 
giving lower s-vvell. Therel'Ore the sNNclI values fi-oni zero length die and from a long 
dic (111) --- 20) were used to calculate extensional modultis and shcar modulus data, 
according to the technique described by Cogwell 1141. The calculation procedure has 
been diSCLIssed in section 4.74. 
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Figure 7-16 Plot of extensional modulus versus volume fraction for tale TI filled 
PPI compounds (shear rate 100,600) at 200T from die L/D = 0, (effect of filler 
content). 
It can be seen fi-om Figure 7-16 that extensional modulus increases with an increase in 
filler content. This means that with a higher loading oftalc the swell can be controlled 
much more easily than with low lcvels of filler. Figure 7-17 shows the shear modulus 
values obtained from a long die. 
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Figure 7-17 Plot of shear modulus versus volume fraction for talc 'I'l filled ITA 
compounds (shear rate 100,600) at 200"C from (lie L/D = 20, (effect of filler 
content). 
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7.1.4 Effect of filler morphology 
I Flic clTect of' filler particle niorphologý oil (fie sýýcll \ýas studied using three uncoated 
(_, racics of' talc filler 'I'l. T2 and 'I"). at the nominal talc loading ol' 10,20,60% wt 
repcCtively. These fillers xNere generally classified into: plate),, (TI ), acicular (T2) and 
spherical (T3 )) (see section 5.1.1). Figure 7-18 to 7-33 give plots of' die sxvell ratio 
versus shear rate for 10,20 and 60% wt. talc-filled IT at I. /D of 0,5 and 20. Raw data 
of talc-Filled systems are presented in Appendix A. 11, Table A. I1 -3 to A. I 1- 16. As 
Car as morphology is concerned, trends observed 1rom the graphs that at nominal 10% 
wt. loading oftalc, T2-filled compound showed slighly higher swell ratio. FIgUre 7-18 
shows the swell from a capillary of zero length. 
3.3 
2.8 
0 2.3 x 
ppi 
PP1-lOT1 1.8 
C/) PP1-10T2 
x PP1-10T3 1.3 
0.8 
0 200 400 600 800 1000 
Shear Rate (s-') 
Figure 7-18 Plot of (lie svN, ell ratio versus shear rate for 10'Vo NN't. talc-filled PPI 
compounds (different morphology) at 200"C from die L/D = 0, (effect of filler 
morphology). 
Increasing the L/D ratio I'Lirther to 5 and 10 does not produce any change in swell 
behaviour of the 10% wt. 1-1 Iled compound. 
It might be expected that particles having the highest specific surface area (i. e. '1'2) 
will have the highest most adhesion for a given aniount and hence most likely to 
exhibits lower swell. However, the results SI1O%VS that T2-1-111Cd COMPOL111d SI1OW 
higher swell ratio in the filled compounds (nominal 10% wt. ). 
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The results obtained with 20% wt. tilled compound I'm L/D ratio ol'zcro are shown in 
Figure 7-19, at 20% wt. of tiller loading the trend was that T2 1-iller (acicular) gave the 
highest swell and TI filler (platey) the lowest swell from an oril'ice dic. 
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Figure 7-19 Plot of (lie swell ratio versus shear rate for 20% wt. tale-filled 11111 
compounds (different morphology) at 200"C from (lie L/D = 0, (effect of filler 
morphology). 
One possible reason for this, is dUe to the platey nature of' Tl particles, in that they 
call arrange therriselves in such a way they lay oil top of one another i. e. 
agglomeration in 'stacks'. Hence, a greater number of particles will acCUrnulate in a 
given volume. Figure 7-20 below shows a possible arrangement. It call, therefore, be 
concluded that higher the number of particles less is the swell. 
Figure 7-20 Illustrations of particles on top of one another. 
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The extruclate s\vcll from cite having L/D ratio of 5 I'or 20'! /o wt. h1led compound is 
S11OWIl III FIgUre 7-21. The dilTerence in the swell is not visible. Similar behavioUr 
was obatined with die having L/D ratio of 10. Therefore the trend observed with all 
orifice die COUld not be established with other long dies, meaning that tensile stress 
were more PI-011OLInced etTect on the swell behaviOUr than shear stress. 
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Figure 7-21 Plot of dic swell ratio versus shear rate for 20YO wt. tale-filled IIPI 
compounds (different morphology) at 200')C from (lie L/D (effect of filler 
morphology). 
The explanation Of SLICh behaviour is that when the length ofdie was increased swell 
became less clue to a reduction ofextensional stress. 
Another explanation Cor T2 filler not imparting lower swell could be that frorn tile 
specific energy results (section 5.5.2), the talc T2 filled compound gave the highest 
specific energy value, suggesting that more work has been done mixing in tile 
compounder with T2 tilled compounds, at the 20'1', ý) wt. level. It means that the T2 
tiller will have been in a better state of dispersion in IT and hence 1-iller 
agglomeration had been broken down. This ill turn mealls that filler was evenly 
dispersed. Since it is the polymer, Ahich plays the vital part in s\AcII, it secins logical 
that SLICII COMPOLInds WOUld show higher swell than the other compounds. 
Figure 7-22 present swell data for 60% wt. filled C0111POL111CIS for clic capillary ratios of' 
zero. The results SIIONV the hilluence ofliarticle morphology on the dic swcll. 
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Figure 7-22 Plot of die swell ratio versus shear rate for 60%0 wt. tale-filled PPI 
compounds (different morphology) at NOT from die L/D = 0, (effect of filler 
morpholo*, ). 
At nominal 60% wt. of talc, the trend, observed, was that the talc T3 filled compounds 
showed lowest swell. Since T3) particles are spherical and also have narrow particle 
size distribution, (see section 5.1.1 and Appendix A. 2, Table A. 2-3)), it had been 
possible to achieve higher loading in the compounder (ofT3). Therefore with the 
higher level ofT3 then the other particles (T] & T2) at this particular percentage there 
was reduced swelling (see ashing result section 5.6.1). 
Figure 7-233 to 7-25 give plots of die swell ratio versus shear rate of 10,20 and 60% 
wt. talc-filled IT for a relatively long die (L/D of 20). Raw data for talc are presented 
in Appendix A. 11. It was assurned that the L/D ratio of20 was sufficiently long so 
that the swell ratio would have been predominantly due to shear. It appears from the 
figures that as filler loading was increased swell ratio decreased. Swell ratio increased 
with increasim, shear rate. No particular trend Could be established Nvith respect to 
filler morphology for L/D = 20, there was little difference between the swelling ratios 
ofthe three compounds at 10% wt. of talc loading, as shown in Figure 7-23. 
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Figure 7-23 Plot of die swell ratio versus shear rate for 10%) wt. talc-filled Pill 
compounds (different morphology) at NOT from die L/D = 20, (effect of filler 
morphology). 
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Figure 7-24 Plot of die swell ratio versus shear rate for 20%, vvt. talc-filled III 
compounds (different morphology) at 200"C froin die L/D = 20, (effect of filler 
morphology). 
Ref'erring to the Figure 7-24, the trcnd found %us that the IT compound with T2 
(acicular) filler gnive highcr valLICS Of SXN'Cll for a long dic. llowevcr, sincc the 
clitTerence between the trends was negligible, esliccially at low shear ratcs, it is 
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concluded that at 20% wt. of' filler loading and mth I long die, that the ditTerence In 
swell clue to particle morphology wIII be negligible. 
At a nommal loading of'60% wt. the trend observed I'Or the zero length die was also 
seen at L/D of 20 i. e. lowest swell was observed \kith T3 particles. This is also shoml 
in Figure 7-25. 
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Figure 7-25 Plot of die swell ratio versus shear rate for 60% wt. taic-filled PPl 
compounds (different niorl)liolo*, ) at 200')C from die L/D = 20, (effect of filler 
morphology). 
Figure 7-25 reveals that T3 1-illed compounds gave lowest swell ratio. This can be 
explained 111-oill results obtained froin ashing (section 5.6.1 ). For a filler with a narrow 
particle size distribution and no large particles (see SFM FigUre 5-8), a higher 
(targeted) loading of talc was achieved. This meant that there was a larger arnount of 
filler present i. e. a smaller amount of' free polymer. The lower the amount of polymer, 
the less the elastic memory and thus the lower emrudate swell. The swell increased 
with shear stress increase becal-ISC Of tile fact that at higher stress the inn-nobilised 
polymer was released, v, 'hich reSUlted in higher swell. 
It is CO11CILldcd that the shape ofthe 1-iller has some clTect on swell ratio but does not 
strongly affect tile s\kcll behaviour ofthe composite materials. 
The work related to the elastic properties of filled systems is quite limited. This is, of' 
course, clue to the expci-imental difficulties in these measurements. The usual Signs 01' 
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elastic behaviour in filled systems are recognised by the presence of larger normal 
stress difference during relatively low shear measurements on a cone and plate 
rheogoniometer and by larger die swell values during high shear capillary rheometry. 
In the literature, reports may appear contradictory with the presence of fillers in 
polymers shows decrease [5,7,8) as well as increase in elasticity [ 15].. 
Agglomerates occlude liquid in their inter particle voids and thereby leave a reduced 
effective volume fraction of the liquid around them. This would create an apparent 
situation of higher filler loading than is actually present. Hence, the effect of filler 
agglomerates would be similar to that of filler concentrations; or, in other words, with 
larger number of filler agglomerates, the system would behave rheologically in a 
manner similar to a system with a higher filler concentration than what actually exists. 
It can be thus expected that with an increasing number of filler agglomerates when 
dealing with particulate fillers, the swell would be lower. The extent of lowering of 
the swell depends upon the amount of occluded liquid by the agglomerates, the 
average number of particles in each agglomerate and hence size of agglomerates. In 
an unagglomerated filled system, the extent of swell lowering would be less if the 
particle size were larger. When agglomerate is formed or present, it is thought that the 
particle size of the filler has increased throughout the system. Thus with increasing 
number of particles in the agglomerates, the swell would increase. On the other hand, 
because of the occluded liquid in the interparticle voids of the agglomerates, the swell 
would be less. It is basically the net effect of these two opposing factors that 
determines exactly how much swell occurs. In case of acicular fillers, the effect of 
agglomerates would be to lower the swell. 
However, we had seen that the acicular filler produced an increase in elasticity. The 
extent of the increase would be reduced if agglomerates were formed because the 
fillers that gather to make up the agglomerates will have been restrained and so could 
not orient during flow. 
7.1.5 Effect of filler particle size 
In order to investigate the effect of filler particle size, uncoated fillers used in this 
investigation were T4 (7.89 ýtm), T5 (9.72 ýtm) and T6 (17.11 ýtm). These particles 
were obtained from the same feed stock having different particle size distributions 
255 
Chopict-7 
(see section 5.1.2, Table 5-2 I'Or detalls), and the 1-illcr loadings \\crc 10,20,00'! ýo \\; t. 
Raw data oftalc IiII ed system are inc I Lided in A ppenclix A. I I. Table A. 11-17 to A. II- 
25. 
FigUrc 7-26 shows that the die swell from a zero length die, at a temperature ot'200"('. 
It can be seen from Figure 7-26 that at 1-iller loadim, of 10", o %%t., the s\\cll ratio 
increased with an increase in slicar rate, however there was 110t MUCII d11'IC1-C11CC With 
respect to filler particle size, with a zero length die. 
3.3 
2.8 
2 
2.3 
1.8 Cf) 
1.3 1 
0.8 
. 
PP1 
PP1-10T4 
PP1-10T5 
x PP1-10T6 
0 200 400 600 800 1000 
Shear Rate (s-') 
Figure 7-26 Plot of die swell ratio versus shear rate for 10'Yo wt. tale-filled IIIPI 
compounds (different sizes) at 200T from die L/D = 0, (effect of filler size). 
The effect ol'particle size was further analysed with a capillary of L/D ratio of 5.1 lere 
\Ae see that the trend is similar to the orifice die, i. e. no significant change ill m'vell 
with respect to particle size. 
Fivure 7-27 shows the clTect ol' particle size with 20',, ý) wt. loading of' filler Im an 
orifice die. I lere again the swell increased mith the increase in shear rate. The swell 
was IIILICII lower than that of' Lint-Illed polymer. I lowever, the dilTerence with respect 
to particle size was not clear. 
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Figure 7-27 Plot of die swell ratio versus shear rate for 201X, wt. talc-filled III 
compounds (different sizes) at 200T from (lie L/D = 0, (effect of filler size). 
With capillary dies having a length-to-diarneter (1, /D) ratios of 5,10 similar trends 
were obtained. It is seen that the swell due to different fillers (i. e. T4, T5, and T6) but 
-vvith constant loading with a particular die, showed that swell ratio was not a function 
of particle size for 20% wt. loading. Theretbre it was, concluded that 20% wt. of 
loading the effect of particle size was negligible. 
In a further attempt to see the eff'ect of particle size, a nominal loading ot'60% wt. talc 
1-11 ler \k as added to IT I polymer. Figure 7-28 shows the variation of swell kvith shear 
rate for Linfilled and 1-Illed PPI at 200T, for L/D ratio ofzero. 
257 
Choplet-7 
3.3 
2.8 . 
PP1 
PPI-6OT4 
PPl-60T5 
x PP1-60T6 
F4 
2.3 
1.8 
1.3 
0.8 - 
0 
"" 
. 
ýp 
*-- -" 
P j5 IN A i4 xQ 
500 1000 1500 2000 
Shear Rate (s-') 
2500 3000 
Figure 7-28 Plot of die svvell ratio versus shear rate for 60'Yo wt. talc-filled Pl"I 
compounds (different sizes) at 200')C from die L/D = 0, (effect of filler size). 
COMPOLinds containing T5 filler give a marginally higher swell, in comparison to the 
others. However, since the trend was not observed with the orifice die, it was 
necessary to validate the results with other dies also i. e. higher L/D ratio. However, 
with I. /D of' 10 there was no significant difference observed with different particle 
Size. ThLIS from the results presented above, it can be concluded that talc particle size 
does not have strong influence on die swell of' talc-filled compounds, at 200T in tile 
shear rate range studied. 
In order see whether the trends were significant, or not, swell data 1rom a long die 
(L/D = 20) is presented below. With the long die it was believed that swell will have 
been pUrely due to shear effects. In Figure 7-29 data of' unfilled and three uncoated 
10% kvi. talc-tilled IIPI compounds are presented as plots ol'swell ratio versus slicar 
rate for die L/D ol'20. 
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Figure 7-29 Plot of die swell ratio versus shear rate for 10'Yt, vvt. tale-filled 1314 
compounds (different sizes) at 200"C from (lie L/D = 20, (effect of filler size). 
I lere again, we see that the trend is that swell increased with increase in shear rate. 
I lowever, the difference, in paticle size between the various talc-filled compounds 
was negligible. 
1, igure 7-30 and 7-3 1 show the effect of filler particle size on filler loading of 20 and 
60% wt. with a long die (L/D -20). 
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Figure 7-30 Plot of (lie swell ratio versus shear rate for 20'Yo wt. talc-filled ITI 
compounds (different sizes) at 200"C from (lie L/D = 20, (effect of filler size). 
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Figure 7-31 Plot of (fie swell ratio versus slicar rate for 60% wt. talc-filled 11111 
compounds (different sizes) at 200"C' from dic L/D = 20, (effect of filler size). 
F igure 7-26 to 7-3) 1 demonstrate tile effect of particle size upon swel I ratio. There is 
not much difference in swell with respect to particle size even with long die (L/D 
20). 
I lowevcr, it was expected that with the smallest particle size T4 (7.89 j. 1m). would 
have the lowest swell. The reason for this was that smaller particles WOUld have 
greater SLirf`ace area, per Linit weight of material, as shown in BFT analysis in section 
5.1.3. Theref'Ore there was potentialy, greater adliesive interaction \vIth tile polymer, 
kNI11CII ill tUrIl WOUld 11.1%'C 111IMobilised molten material and thus restricted the VOILMIC 
of Ilowable ilielt. The immobilised polymer will have effectively become part of tile 
Lindeforinable filler, ý, vhich does not have elastic memory. Therefore the larger the 
amOLIIlt of imnlobilised 1113, the lower the elastic memory, resulting in lower extrudate 
swell. I lowever as data does not show a large variation in swell. it is concluded that, 
within tile range ot'particle size tested there is no significant influence ofpartIclc size 
oil swell. 
Sonic researcher [16,171 found that a decrease in particle size generally prodUccd a 
corresponding decrease in the extrudate swell. However, Mijangos and Dcaly 1181 
I'OLIII(l out that for a loading of 30'Vo wt. ot'CaC(); in polyethylenc. the larger particles 
suppress swell more eflectively but mildly so. The average particle SIZC tIICý' Used \\aS 
0.2 and 0.4 pin. 
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The reason for observing different results aniongst various researchers is that different 
fillers were used. CaC03 and carbon black are considered to be spherical particle 
therel'ore their average mean size calculated with different machines gives the same 
results. I loxNever, Nvith talc it is quite difficult to get the same value of particlc size 
with different machines. 
7.1.6 Effect of coatings 
The effect of coating on swell was studied by coating talc '. vith coating agent ("). 
which is silane A-137 (see section 4.1.3.2). Swell data Nvas obtained For the entire 
four dies used. Raw data is Included in Appendix A. 11. Tables A. 11-27 to A. I1 -30. 
Figure 7-32 illustrates a typical response obtained front 11111 compound unfilled and 
filled with 40% wt. of uncoated and coated talc filler tested at 200T ([, /D = 0). 
Addition of coating C-3) increased the swell but it remained lower than that for the 
virgin polymer. The addition of 2% wt. coating did not have a significant effect oil 
swell ratio, but at 5 and 10% wt. the swell ratio did increased. The swell ratios in 5 
and 10% wt. loading of coating remained lower than that of virgin polymer (111" 1 
The diff'erci-ice in swell ratio between the two was small. 
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Figure 7-32 Plot of (fie swell ratio versus shear rate for unfilled and 40%) Ns, t. talc- 
filled ITI compounds at NOT froin (lie L/D =0 (effect of coating C3). 
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Similar trends werc obserhvc(l with L/D ratios of' 5 and 20, i. e swell ratio increased 
with increase in shear rate and also increased with coating levels, for this die. There is 
not much differencc in swcll between 5 and 10% wt. ofcoating. 
In order to show that the trends were significant, or not, following swell clata from a 
long die (L/D = 10) are included. 
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Figure 7-33 Plot of die swell ratio versus shear rate for unfilled and 401yo wt. talc- 
filled PPI compounds at 200"C from die L/D = 10 (effect of coating C3). 
Again 2 and 10% wt. coating levels were compared. Pre-coated talc with 2'ýý, wt. (") 
did show an increase in swell ratio. However, the 21YO wt. results show coating C3 
produced a higher swell relative to uncoated. Comparing, the uncoated and 10% wt. 
silane coatings revealed that higher coating levels consistently produced higher swell 
values. Comparing these results revealed that 10% wt. silane coated compound, which 
gave a reduction in viscosity (section 6.1.5.1) showed compatatively a higher dic 
swell. 
An explanation is that by Using C-3), the number of' filler agglomerates were redUced in 
filled polymer. Agglomerates will occlude in their inter-particle volds and thereby 
leave a lower volume fraction of' free polymer melt al-OLInd it. This \Nould create an 
situation ol'apparent higher 1-iller loading, than was actually present. I lence, the effect 
of' filler agglomerates would be similar to that of' filler concentrations, or. in other 
words, with larger 111.1mbers of' filler agglomerates. the system would behave 
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rheologically in a manner similar to a system with a higher filler concentration, than 
actually exists. It can be thus expected that with a decreasing number of filter 
agglomerates, here a particulate filler, the swell would be higher. 
Surface treatment basically helps the polymer to wet the filler more fully and disperse 
it, thereby reducing and preventing agglomeration, with promotion of filler-polymer 
contact as opposed to filler-filler contact. In our case, the mobility of the polymer 
matrix was better due to the formation of an organofunctional layer on the talc particle 
surfaces [7], which in turn would result in better wettability of talc by PP, owing to 
the reduction of immobilised polymer. A systematic presentation of is given below: 
Uncoated filler 
'0 cluded 0 
Polymer 
AGGLOMERATED FILLER 
Coated Mier particulates 
C) 
", 
ý 
0 
0 
000 
DISPERSED FILLER 
Figure 7-34 Schematic presentations of filler agglomeration. 
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It was expected that coating agent (") \ýould have decreased the shear and extensional 
modulus, thereby giving higher s,, N, cll. Therefore the data from the zero length die was 
used to calculate extensional modulus and that fi-om long die (L/D - 20) to calculate 
shear modulus as described in section 4.7.4. 
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Figure 7-35 Plot of extensional modulus versus shear rate for unfilled and tale T3 
filled (uncoated, coated) PPl compounds at 200T from die L/D = 0, (effect of 
coating C3). 
Figure 7-35 shows the extensional modUILIS obtained from ail orifice die. As expected, 
the lowest extensional modulus obtained was With LIIIfIllCd IT. By adding talc to IIPI 
increased the extensional modulus and thereby decreased elastic strain recovery, 
hence the swell as seen in Figure 7-12.1 lowever, coating the talc with coating agent 
C-) reduced the extensional modulus and therct'orc increased swell. Extensional 
modulus increased with an increase over shear rate in the range tested. 
Figure 7-36 shows the shear modUlUs. derived From data ofthe die having L/f) ratio of 
20. Again vvc see that by adding talc the shear modulus Increased thereby reducing 
swell. Howcvcr, by coating the talc with C') (109/o w) reduccd the shear modulLIS 
markedly but remained higher than that of unfilled polymer. It is, therefore, suggested 
that the swell from a coated talc would be higher than tor the Uncoated one. Shear 
modulus did not change with shear rate In the range, shov, 'n In the graph. 
264 
Chaplet-7 
Overall therefore. an explanation (and prediction) t'or the (lie swell of talc-l-illed PP 
exists, ifthe inelt-state modulus data can be derived 
160 
140 
E 120 
loo 
U) 
80 
0 
2i 60 
40 
U) 
0 
PP1 -40T3 
PPl-40T3-lOC3 
PP1 
0 100 200 300 400 500 600 700 
Shear Rate (s-') 
Figure 7-36 Plot of shear modulus versus shear rate for unfilled and talc T3 filled 
(uncoated, coated) IM compounds at 200"C from (lie L/D = 0, (effect of coating 
C3). 
JUrnpa [19] StUdied the effect of surface coating on the swell of filled PE, for CaCO-I 
fillcr at 40% wt. loading. She observed that the COMPOLInd with high acid content 
(10% wt. stearic acid) has greater swell ratios than those ofthe cornpound With I wt. 
% stearic acid. Suetsugu and White [ 16] presented graphs, which showed that tile 
addition of surface coating increased the elasticity of tile CaC03 filled Polystyrene. 
01.11- findings are, therefore, in general agreement with the preViOLIS researchers. 
7.1.6.1 Effect of external lubricants 
Talc T') was coated with external lubricant C4. i. e. Lu"Lix (see section 4.13.1 l'or 
details), along with coating C3 to see the effect of' adding an external lubricant, as 
well as conting. Data was collected I`Or all the I'Mir dics (1, /D 0,5,10,20). Using an 
external lUbricant produced more die swell than using 0 alone with an orifice die, 
WIIICII iS SIIO\Nll ill FigUre 7-337. Similar trends were obatined with dic having L/D 
ratio 5. 
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Figure 7-37 Plot of die swell ratio versus shear rate for coated talc-fillcd PPI 
compounds at 200'C from die L/D =0 (effect of external lubricant C3 as well as 
coating). 
FigUre 7-38 shows the response from a longer die (L/D 10). Here we do not see any 
difference between the trends of the two compounds. As the length of tile die 
increased the swell was mostly due to shear flow so polymer had time to relax from 
the extensional deformation iii the die. Therefore, the response was low and that is 
why we were not able to detect differences due to relatively minor changes in 
f'ormulation. 
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Figure 7-38 Plot of die swell ratio versus shear rate for coated talc-filled PPI 
compounds at 200T from die L/D = 10 (effect of external lubricant C3 as well as 
coating). 
It was expected that the external lubricant could produce slip. When slip occurs, tile 
shear stress at the wall, for a given volurnetric flow rate, will be reduced. Therefore, it 
was expected that wall slip will reduce extrudate swell because of the lower shear 
stress applied to the molecules. With L/D =0 (Figure 7-37) die, tile trend obtained 
was that swell increased with the addition of an external ILibricant. The reason is that 
jor slip promoter, bcc, ise as see 1 in the lubricating agent was not acting as a ma 'It I 
section 6.2 the polymer itself was slipping. Therel'ore, adding an extra lubricant would 
make little or no difference. Hokvever, coating with extra lubricant is licipLil in 
dispersing offiller and thereflore an increase in swell will have been observed. 
The effect of adding different levels of external lubricant (i. e. 1% and 2% wt. ) is 
shown in Figure 7-39 for a zero length die. Adding a slightly more oflubricant agent 
did not influence swell to a significant level, as illustrated in the Figure 7-39. 
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Figure 7-39 Plot of die swell ratio versus shear rate for coated talc-filled PPI 
compounds at NOT from die L/D = 0/1 (effect of external lubricant percentage). 
Since only used I and 2% wt. of external lubricant, therefore any change in swell ratio 
of the two compounds was negligable. However, it is anticipated that even with a 
higher level of lubricant any appreciable change in swell ratio would not be possible, 
as seen from the results of previous chapter that polymer itself was slipping therefore 
adding a lubricant will have not really effect the swell behaviour. 
7.1.7 Effect of coupling agent 
Two types of coupling agents were used in this study i. e. CI & C2. CI is 'y- 
aminopropyltriethoxysilane (section 4.1.3.3) and C2 is maleic anhydride modified PP 
(section 4.1.3.3). Four dies were used to study the effect of coupling agent, i. e. L/D of 
0,5,10 and 20. Raw data is included in Appendix A. 10, Tables A. 1 1-33 to A. 1 1-35. 
Initially, talc T3 was coated with 2% wt. Cl. Figure 7-40 shows the swell ratio from 
an orifice die. Swell ratio increases with increasd in shear rate. It appears from Figure 
7-40 that pre-treating talc with CI coupling agent reduced the swell slightly, which 
was more evident at higher shear rate. Similar trends were observed with slighly 
longer die i. e. die having L/D ratio of 5 except that differences between compounds 
with and without coupling agent was lower. This is because the polymer had time to 
relax inside the die. 
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Figure 7-40 Plot of svv, ell ratio versus shear rate for uncoated and coated talc- 
filled PPI compounds at 200T from die L/D =0 (effect of coupling agent CI). 
In order to see the significance of' the trends, data from a capillary die having an L/D 
ratio of 10 were also plotted for uncoated and coated talc-filled IT. Here again, we 
see that swell increased with shear rate. 
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Figure 7-41 Plot of swell ratio versus shear rate for uncoated and coated talc- 
filled PPI compounds at 200')C from (lie L/D = 10 (effect of coupling agent CI). 
From tile above results it has been concluded that the s\\ell Ior coupling agent CI 
hased tilled polymer depends on the capillary length-to-diameter ratio and shear rate. 
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Swell decreased mth an increase in capillary length-to-diametcr ratio and increased 
with an Increase In shear rate, (or shear stress), with Or WitlIOUt the COL11111rig ', Igellt CI - 
CI reduced the swell of' the filled polymer system, having a more I)I-011OLInced clTect 
in extension (short dies, L/D ý 0) than in shear (Iong die). 
In such a case, tile coupling agent makes thc long macrornOICCUICS, SLII) . jectcd 
to a 
shearing flow, less flexible (or mobile) by connecting (or bridging) thern through 
filler particles. It is not difficult to imagine that such a molecular arrangement WOUld 
have less capability of storing an elastic energy than flexible macromolecules. 
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Figure 7-42 Plot of extensional modulus versus shear rate for unfilled and talc T3 
filled (uncoated, coated) PPI compounds at 200('C from (lie L/D = 0, (effect of 
coupling CI ). 
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Figure 7-43 Plot of shear modulus versus shear rate for unfilled and tale T3 filled 
(uncoated, coated) PPI compounds at 200"C from die L/D = 20, (effect of 
coupling Cl). 
From the FigUre 7-42 we see that coating talc 'r) with coupling agent Cl increased 
extciisloiial modulus of' I'll I COMPOLincls. However. an increase in shear modulus was 
not visible in Fh, 'Urc 7-433. 
Addition of' coupling agent C1 to a PP/talc systern increased the filler-polyrner 
interaction, therefore resulting in a higher modulus with less swell. In a compound 
coupling agent bonds the filler to the polymer by silanol group reacting with the tiller 
I -oup diffuse into the polymer matrix, Conning Lill SUrt'ace, where as organoftinctional gi 
interphase network of' polymer and silaile. Thereflore addition of coupling agent 
decreases the mobility of the polymer chains by better interaction between polyrner 
and filler and hence increases modulus. 
Maleated Pl' is used as chemical coupling agents in filled P11. The addition level f*or 
('2 coupling agent was 5% wt., that is based on total weight of composite, i. e. 55% 
ITI ý 5% 
C2 and 40% talc. Polymer IT I was mixed with coupling a. gent C2 and talc 
'1'3 in an AlIV compounder to study the etl'cct ol'coupling agent C2 on the rheological 
properties ofthe filled compound. 
Again I'Mir dies (L/D ratio of' 0,5,10 and 20) were used to study the cl`fCct of' this 
COL11fling agent on the swell behaviour ofthe C2 filled compounds. Raw data flor each 
ofthe graphs are given in the Appendix A. 11, Table A. 11-34. FigUre 7-44 shows tile 
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plot of'swell ratio VCI'SLIS shear rate f'Or talc-l-illed I'll xvith and without coupling agent, 
at 200"C. From FIgUre 7-44 we see that with the addition of' coupling apent C2 to L- 
PP/talc system, there was a drop in swell ratio Cor a die of' L/D ratio ol'O. There \Nas 
no significant change in the trend 1'()r die of L/D ratio of'5. 
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Figure 7-44 Plot of s-well ratio versus slicar rate for uncoated and coated talc- 
filled I"I'l compounds at 200"C from die L/D =0 (effect of coupling agent C2). 
Figure 7-45 gives a plot of s\ýcll ratio versus shear rate t'Or talc-filled I'll at 200T, 
extruded in a capillary die with in L/D ratio of 10. It is seen in Figurc 7-45 that tile 
swell increased with shear rate. However there was no significant change in swell 
ratio with increase in die length. Similar trends were observed with a long die i. e. L/D 
ratio of 20. This suggests that shear component of' the flow does not have ITILICII 
influence on swell With COLIpfing agent added to the COMPOLInd. 
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Figure 7-45, Plot of swell ratio versus slicar rate for uncoated and coated talc- 
filled PP I compounds at 200"C from die L/D = 10 (effect of coupling agent C2). 
The results In Fiure 7-40 to Figure 7-45 shovk that sýNcll increased with shear ratc, 
and highest die swell was for a system without Coupling agent. The Coupling agents 
Cl and C2 both produced the lower die swell. The difference between the swell ratio 
was evident at high shear rate. 
One ofthe reasons of achieving lo-wer swell with a coupling a0ent was that it was not I 
'is effective in breaking down filler agoloincrates present. One possible reason fi)r the 
decrease of extrudate swell would be that the coupling aoent had bonded -well with tile 
filler and polymer and thus restricted the mobility ol' the polymer. This nican less 
elastic effect (higher modulus) hence less svvell. 
The effect on swell is evident fi, 0111 the IIIOCILIILls data (Figure 7-46 and Figure 7-47). 
Higher level ol'bonding (or coupling) gaves higher moclUILIS (mainly ill extension) and 
lower swell. 
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Figure 7-46 Plot of extensional modulus versus shear rate for unfilled and tale T3 
filled PPA compounds at 200"C from (fie L/D = 0, (effect of coupling C2). 
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Figure 7-47 Plot of slicar modulus versus shear rate for unfilled and talc T3 filled 
PPI compounds at 200')C from (lie L/D = 20, (effect of coupling C2). 
Figure 7-46 and Figure 7-47 shows extensional and shear modulUs data t'Or the C2 
filled P11/talc compound. As xve can see the trend is almost Identical to Figure 7-42 
and FigUre 7-41. The similar mcchanism described earlier 1'01' COLIPling agent CI 
tollows, hence ail Increased 1110(ILIILIS alld less SWCII. 
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The ct't'ect of surface modifier was quite system specific. The ei'lliciency oftlic surface 
modifier depends oil the type of filler, type of' polymer, amount of modifier and 
nictliod of treatment. It is Concluded that coupling agents Cl and C2 were bounding 
talc filler and polymer. 
A combine coupling system Nvas also Used i. e. combination ol'both Cl and C2. As \\c 
know that coupling of reinl'orcements to IT is rendered especially dift-icult by the 
non-polar nature of olefin polymers. To achieve a satist'actory interlacial bond it has 
generally found necessary, in addition to using an appropriately treated grade of' filler, 
to add a further coupling additive to the PP during mclt processing 122]. In order to 
see whether cornbine-COLIpling agents changed the inelt elastic properties, swell 
measurement were taken from dies of I. /D ratio of 0,5.10 and 20. Figure 7-48 shows 
the results of the treatment for a capillary die oflength to die ratio ofO. The combined 
Coupling agents decreases the swell of the filled system over the range investigated. It 
is evident, therefore, that both the coupling agents interact with the polymer and the 
talc filler. 
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Figure 7-48 Plot of swell ratio versus shear rate for tale-filled PP1 compounds at 
200"C from die L/D =0 (effect of double coupling system CI& C2). 
The Mechanism will be quite similar to single coupling system i. e. coupling agents 
were providing the chemical intcriacc bctwccn the filler and polymer. The polar, 
reactive acidic group allow the resin based coupling additive (C2), which has some 
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compatibility with the bulk I'll matrix, to bond to the sliane coupling agent (('I) oil 
the surface ofthe 1-iller. 
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Figure 7-49 Plot of swell ratio versus shear rate for tale-filled PPI compounds at 
200"C from die L/D =5 (effect of double coupling system CI & C2). 
The effect of coating talc with coupling agent Cl and addition ofcoupling agent C-2 is 
shown in Figure 7-49, for die having L/D ratio of 511. With L/D of five we see 
practically no difference in the swell behaviour of the system. This suggests that as 
the length ofthe die increased, the difference between the swell diminished. It means 
that extensional flow has more effect on swell than shear flow. Also the addition of 
furthcr coupling additives (LIP to 5% wt. ) to the IT during melt processing did not 
produce significant changes in the melt elastic properties. Data for L/D of' 10 and 20 
is includcd in Appendix A. ] 1, Table A. ] 1 -35. 
FXtrUdate swell is one of the most crUcial factors aftecting the cross-sectional 
dimensions and shape of polymer extruclates. Basically, extruclate swell is controlled 
by melt elasticity and therefore depends on factors such as shear stress, die geometry, 
molecular characteristic and additives. 
Research on elastic memory of composites of polymer and rigid fillers has been very 
limited. In many instances the most important property of' a material is not its 
viscosity but rather its elastic memory which largely determines its processability and 
dimensional stability. Melt fracture, mill (or calendar) shrinkage, mould shrinkage, 
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and extrusion shrinkage or die swell, as it is commonly called, are all phenomena 
dependent on elastic properties. 
7.1.8 Summary 
The level of the die swell of PP I grade was generally higher than in the talc-filled 
compounds. 
The effect of talc addition to the PP was that an increase in talc loading produced 
a corresponding decrease in extrudate die swell, over the entire range of shear 
rates studied. Addition of talc to PP increases the shear/extensional modulus and 
thereby decreases elastic strain recovery, hence the swell. 
The die swell of the matrix polymer, in the filled polymer varies with the type, 
shape and volume fraction of the talc but is hardly effected by the size of the talc 
particles used in this study 
9 Coating tale with C3 produces higher swell relative to uncoated filled PP, it was 
also found that higher coating level consistently produces higher swell values. 
Coating talc with coating agent C3 (Octyltriethoxysilane) reduces the 
shear/extensional modulus. 
e Addition of coupling agents CI (y-aminopropyltriethoxysilane) and C2 (maleic 
anhydride modified PP) reduces the swell of the filled polymer system, with a 
more pronounced effect in extension (short die, L/D = 0) than in shear (long die 
L/D = 20). Coupling agents appears to increase modulus (mainly in extension). 
9 The die swell in all compounds measured was found to increase with increasing 
extrusion rate (or shear stress) and decrease with an increase in capillary length- 
to-diameter ratio. It was also found that shear/extensional modulus increase with 
an increase in shear rate over the range tested. 
7.2 Meltftacture analysis 
Since the extrusion of molten polymer is such an important industrial operation and 
the production of extruded products is limited to rates below those which produce 
extrudate distortion, the study of this phenomenon is potentially important 
commercially. 
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Most of' the previous melt 1racture studies have fOCLISCCI on the behaviour 01' Val"10LIS 
types of' polyethylene OIDPF. LDPF and HDPF) 1226,27-121 and only 111111ted 
IlUmber ol'papers have been publ I shed on the inch frad Lire oC PI) 1') 3,34,351. 
One of' the criteria of' melt fracture is change in appearance of' extrudate sm-Face. 
Therefore photographs of the distortion have been taken to show the scvcrity of' the 
melt Fracture. Typical CXtrUdate samples obtained at various shear rates and at 200"C 
arc shown in Figure 7-50 for unfilled PIII. Five different samples are shown, each 
taken at a particular shear rate. 
Sample 'a' extrudate is smooth (which is taken at a shear rate ot'248 s-'). As the shear 
rate was increased the surface of the extrudatc remained S11100th until Only a further 
slight increase in shear rate changed the surface to a screw thread type, as shown hy 
sample W. With further increase in shear rate this smooth surl'ace changes to screw 
thread type (sample c). At a very high shears rate the helical screw thread appearance 
changed to a severe distortion (sample D). 
Figure 7-50 Photograph of PPI sample extruclates obtained from 
Ia 
Circular (lie 
having 1) =I nim and L/D =0 at 200T. Shear rates are: (a) 248 s- (b) 447 s- (c) 
695s- I (d) 2.1,83 s-' 
For polyethylcne, sharkskin melt fi'ýICWIV IS U. SLUIlly observed under steady flo\\, \Ocn 
shcar stress is higher than the critical shear stress 1161. This is charactcrised with 
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smal I anipl itude periodic distortions. I lowevcr, this type of distortion does not occur 
in the case of' PII OIP] ), and there was a sharp transition fi'oni a smooth surface to a 
screw thread" type. Therefore it was not possible to see sharkskin in I'll I samples. 
This observation is in agreement with Hatzikiriakos et al. 113 1. They extruded IT at 
various shear rates using a capillary having a length-to-diameter ratio of 20 and 
diameter ol-0.762 nim, at 200T. 
11hotoin-aphs of' Pl' I are taken of' samples at a constant shear rate 695 s-1 for various 
L/D ratios (at 200"C) and shown in Figure 7-5 1. These shows the eftlect of' L/D ratio 
on the severity of melt fracture of' P111. It can be seen that severity of' fracture is 
reduced with increasing L/D ratio. This observation is in agreement with Ballenger et 
al. [371. 
Figure 7-51 Photograph of PPI sample extrudate obtained using various L/D 
ratios at shear rate of 695 s-1 and 200"C (1) =I nim). 
Figure 7-52 shows the effect of adding talc particles T2 to I'll 1, at a shear rate of 1788 
S-1. It is very difticult to quantify the change in severity of melt fracture jUst by 
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cxiiiiiiii, t, such photograplis, it can be sccii fl-oin tlic pliotograph, 6()" 0 \\t. ol' 
loading, that the cNtrudatc di, ýtorllml m "'Illic "dicu, 1*ýItc. 
Figure 7-52 Photograph of PllA-l0T3 sample extrudate containing various 
loadings of talc (T3) particles using L/D ratio of 0 at a shear rate of 1788 s- I and 
200"C (1) =Im in). 
From the photographs above the following conclusion can be drawn. The swell of 
polymer decreased with an increase in talc loading. The melt fracture started at and 
above a critical shear rate for each compound (see section 7.2.1). The severity of 
fracture increase(] with increase in shear rate and decreased with increase in L/D ratio, 
this decrease resulted from relaxation in the polymer during its transit through the 
capillary. IIICILISIOII of talc increased the onset of fracture. 
7.2.1 Onset of melt fracture 
As shovvii above, distortion occur Lit and above a critical shear rate, Ilor cach 
compound. Critical values of' the varIOUs paranicters at onsct of structural turbulence 
are designated by a subscript V, e. g., yc and T, The critical shear stress at onset T, was 
determined for various unfilled and filled COMPOLInds. Figure 7-53 shows the etl'cct of' 
L/D ratio on the onset (7J of' inch fracture. It can be seen 1rorn Figure 7-53) that the 
onset ot'distortion is dependent on the relative length of' the capillary and oil the 111) 
ratio. 
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Figure 7-53 Critical shear rate for the onset of melt fracture as a function of L/D 
ratio for PP1 at temperature of 2000C. 
As we can see the onset is slightly delayed with high L/D dies used. This is in 
agreement with observation of Ballenger et al. [37] who studied seven different 
polymer melts and L/D ratio was one of several variable studied. 
Figure 7-54 shows the effect of L/D ratio on the critical shear stress (Tj for onset of 
melt fracture. 
120 
- 100 
80 
60 
40 
20 
0 
05 10 15 20 25 
L/D Ratio 
Figure 7-54 Critical shear stress for the onset of melt fracture as a function of 
L/D ratio for PP1 at temperature of 2000C. 
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The onset of' inelt fracture was found to occur at critical shear stress in the range of 
0.09 -- 0.10 M Pa I'm capi Ilary (ties having L/D ratio From 5 to 20, at a temperature of 
200"('. ThCSC VaILICS 01' T, agree kvith those reported by other researchers. For 
example, I latzikiriakos & et al. I')')] gave critical shear stresses in the range of'O. 12 to 
0.15 MI'a with capillaries having L/D ratios from 10 to 100 at 200"C. Fu pyania and 
Kawasaki [38] averaged their capillaries rheorneter data Im isotactic 111), obtained 
with capillaries having L/D ratios in the range From 2 to 10 to give a value of 0.13 
MPa for the onset offracture. 
Figure 7-55 shows the onset of melt fractUre (shear rate) lor Unfilled and filled 
compounds against nominal percentage of talc filler (T]) for dies with various L/D 
ratios. It can be clearly seen that onset of fractUrC was greatly delayed with increase in 
filler loading. 
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Figure 7-55 Critical shear rate (onset of fracture) versus %, wt. of talc filler (TI) 
added in PPI at 200T for various L/D ratio. 
In Figure 7-55 the onset of fracture is presented Lip to 2W/o wt., because above 20'! /o 
wt. i. e. at 6011/o wt., the fracture completely disappeared and was not observed Lip to 
t Ile max I nium II mit of the rheometer (ý 11,1x). 
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Figure 7-56 shows the onsets of melt fracture (critical shear stress Tj For unfilled and 
talc-fillcd compounds against nominal % wt. loading oftalc filler (T] ). It can be seen 
that the critical shear stress (T. ) increased with increase in talc loading. The value of 
critical shear stress (Tc ) for all the compounds showing fracture remain in the range of 
0.09 to 0.12 M Pa. It is critical shear stress (Tj not crit I ca I shear rate for onset of 
nielt frature as values have loxv variation. 
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Figure 7-56 Critical shear stress (onset of fracture) versus 'Yo Nvt. of tale filler 
(TI) added in l"Il at 200')C for various L/D ratio. 
7.3 Quantitative measure oj'Me1t. ftaclure 
Photographs taken at various extrusion speeds did not always give ally quantitative 
indication of the severity ofthc melt fracture. However, our observation showcd that 
for IT, the frequency of distortion oil the extrUdatc can be used as a quantitative 
measure of' the severity in a certain specified range of' shear ratcs/stress. The 
calculation procedure for determining frequency Is diSCLIssed in section 4.7.6. Raw 
data in the florin of frequency are included in the Appendix A-] 3. 
7.3.1 Influence of shear stress and shear rate 
Figure 7-57 shows the plot of Frccjuencý versus shcar rate for 11111 C0111I)OLUld 
measured Lit 200"(' for capillary (lies of L/D ratio ol'O, 5,10 and 20. It can be seen that 
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the f'l-e(. ILlellCV 111CI-eLISCS Slightl), with shear rate at low L/D ratio. Vrom Figure 7-57 we 
can see that 1requency decreased with an increase in L/D ratio. 
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Figure 7-57 Effect of shear rate on the frequency of the fracture surface for 
unfilled PPI at 200"C. 
In an attempt to see the effect ofshear stress, a plot of frequency ot'distortion against 
shear stress is plotted in Figure 7-58. 
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Figure 7-58 Fffect of shear stress on the frequency of' the fracture surface for 
unfilled PPI at 200"C. 
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I lcrc kke see fi-equency slightly increases 1. vitli increase in shear stress and trend is 
S, 11111lar to that obtained , Nith shear rate. 
Talc fillcr TI was added to the I'll] and the 1'requency ot'distortion is shown in Figure 
7-51) and Figure 7-60. With talc T] filled compound we again saw that Crequency of' 
distortion increased with shear rates/stress and decreased with L/D ratio. 
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Figure 7-59 Effect of shear rate on the frequency of the fracture surface for 10% 
wt. talc (Tl) filled PPI compound (I"PI-IOT1) at 200"C. 
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Figure 7-60 Effect of shear stress on the frequency of the fracture surface for 
10'Yo wt. talc (TI) Filled ITI compound (PPI-10TI) at 200"C. 
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FIgUre 7-6 1 sho%\ s the cl'ICct of' shear rate on the I'rCCjllCIICý' 01' the Il-, ICtLlrC SLII-I', ICC for 
T2 (high surl'ace area filled than 11) filled compound. I lerc the trend was similar to 
the Tl filled compound i. e. the frequency slightly increases with shear rate. I lowever, 
for this compound with zero length die such trends could not be established. 
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Figure 7-61 Effect of shear rate on the frequency of the fracture surface for 10'yo 
, vvt. talc (1'2) filled ITI compound (PPI-IOT2) at 200T. 
It seems that there is a different trend for the data at L/D = 0, duc to the dominancc of' 
extensional stress at L/D = 0, i. e. the effect of talc was different depending on whether 
tile compound was subjected to shear dominated or mision dominated tlow. 
A plot of distortion freqUenCy (f) against slicar stress is plotted in Figure 7-62 for talc 
T2 filled compound at 200T. A 10% wt. of talc loading was Used. Various dies of 
L/D 0,5.10 and 20 were also used. Here trequency of distortion increased with 
increase in shear stress, except for the zero length die. 
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Figure 7-62 Effect of shear stress on the frequency of the fracture surface for 
10'Yo wt. talc (T2) filled I'll't compound (Ppi-io, i-2) at 200T. 
From the results presented in Figure 7-78 to 7-80 it can be concluded that that xvith 
higher shear rates the frequency ofdistortion increases. It is also C011CILided that tile 
frequency of distortion (melt fi-acture) decreased with an Increase in L/D ratio. 
7.3.2 Effect of filler morphology 
In this StUdy, talc-Filicd COMPOLInds with differcrit talc morphology was investigated. 
Three different types of' talc fillers \. vere Lised in this StUdy desionatcd by symbol TI, 
T2 and T3. The taics have different morphologies, TI was of' a platey nature whereas 
T2 had an acicular morphology and T') was pscudo sphen cal. It was expected that talc 
T2 with a higher relative surface will have modified tile elasticity ofthe COMPOLInd by 
increasing shear/extensional modull-IS and hence WOUld have produced an change oil 
incit fractUIV Of COMPOLInd. In order to see tile ef1, Cct of 1111cr morphology Oil tile nielt 
fracture, a plot of'distortion frequency (f) against shear rate was plotted (Figilre 7-57) 
for a die ofI, /D ratio of5 at 200T for 10% wt. talc-t-illed compounds. 
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Figure 7-63 Effect of filler morphology on the frequency of the distortion (L/D 
5) for a nominal filler loading of 10% wt. at 200 Oc. 
It can be seen from the Figure 7-63 that there was not a significant difference between 
the inelt fracture response of' compounds containing different morphology of talc 
particles. 
In order to establish the trend obtained froin the dies of L/D ratio of 5, frequency 
measured frorn longer dies of L/D ratio of 10 and 20 are shown in Figure 7-64 and 
l'igure 7-65. 
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Figure 7-64 Effect of filler morphology on the frequency of the fracture surface 
(L/D = 10) for a nominal filler loading of 10'Yo wt. at 200')C. 
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Figure 7-65 Effect of filler morphology on the frequency of the fracture surface 
(L/D = 20) for a nominal filler loading of 10% wt. at 200T. 
The results presented above lor the dies having L/D ratio of 10 and 20 confirm tile 
trend obtained with L/D ratio of 5. Therefore it was concluded that particle 
morphology does not have a significant effect on tile rnelt fracture frequency of 
PP/talc compounds. at a norninal loading of 10% wt. in tile range of shear rates used. 
When we observe the results obtained with 20% wt. filled COMPOLInd Ior L/D ratio of 
5 in Figure 7-66, we see that at 20% wt. of filler loading, the trend is similar to the 
10% wt. filled compounds. 
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Figure 7-66 Effect of filler morphology on the frequency of' the fracture surface 
(L/D = 5) for a nominal filler loading ot'20'Vo wt. at 200"C. 
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Figure 7-67 shows thc frcquency ot'distortion versus shear rate obtained I'rolll a (lie of 
length/diameter ratio of 10, at 200T. 
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Figure 7-67 Effect of filler morpholo*, on the frequency of the fracture surface 
(L/D = 10) for a nominal filler loading of 20% wt. at 200T. 
From these result it is concluded that. within the range of shear rates tested and the % 
wt. of filler Lised, tile particle morphology does not have a significant inflLICIICe Oil tile 
melt fractUre of the IIP/talc compounds. 
7.3.3 Effect of filler size 
The talc used in this study were designated with symbol T4 (7.89 pin), T5 (9.72 prii), 
andT6 (17.11 pm). 
It might be expected that particles having the hig , 
hest stirl'ace arca i. e. T4 will have 
greater filler-polymer adhesion for a given additive level and hence would be most 
likely to exhibit a lower frequency ofcxtrudate distortion. Regardin. g the influence of 
filler size on melt fracture, Figure 7-68 shows that the severity (i. e. frcqL1C11Cy) 01' file 
distortion, at any given shear rate for L/D ratio of 5, at 200"C. It can be seen from 
FigUre 7-68 that the effect of filler particle size is negligible on the frequency of' the 
distortion. 
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Figure 7-68 Effect of filler size on the frequency of the fracture surface (L/D = 5) 
for a nominal filler loading of I O(Yo wt. at 200T. 
The effect of particle size was further analysed with a capillary ofL/D ratio of 10 
(Figure 7-69). Here we see that the trend was similar to the die having L/D ratio of5. 
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Figure 7-69 Effect of filler size on the frequency of the fracture surface (I. /D 
10) for a nominal filler loading of 10(Yo wt. at 200"C. 
FIgUre 7-70 shows the frequency data from a capillary of L/D ratio ol'20. I lerc, with 
the length of' die Increased, we do not :, cc ally appreciable Change III the frequency 
with different sizes oftalc on compounds. 
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Figure 7-70 Effect of filler size on the frequency of the fracture surface (L/D 
20) for a nominal filler loading of 10'Y,, wt. at 200T. 
From the results obtained with a nominal IW, ý) wt. filled IT compounds. with varying 
particle size fillers, we do not find appreciable difference in frequency of filled 
compounds. 
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Figure 7-71 Effect of filler size on the frequency of the fracture surface JJD = 5) 
for a nominal filler loading of 20(Yo wt. at 200')C. 
III the FigUrc 7-71 results of 20')/o wt. fillcd compound for I. /D ratio ol'5 are presented, 
which also confirms the results obtained Im 10% wt. compounds. 
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Figure 7-72 gives a plot of frequency of distortion verstis shear rate of 2W/0 wt. talc- 
filled IT I'Or a long die (I. /D of 10). Increasing the L/D ratio f(irther to 10 did not 
produce any change in distortion behaviour In this compound. 
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Figure 7-72 Effect of filler size on the frequency of the fracture surface (L/D 
10) for a nominal filler loading of 20%, wt. at 200')C'. 
From the results obtained, it is conclLided that within the range of shear rates tested 
and the % wt. of talc fillers used, that the particle size did not have a significant 
H1111.1ellCe Oil the MCIt fi'aCtLll'C ofthe PlI compounds tested. 
7.3.4 Su ni ma ry 
For IT I Under study a sharp transitioll fi-0111 a S11100th melt SUrface to a 'screw 
thread' melt fracture appearance was observed at a critical shear stress. The region 
ofsharkskin melt fi-acture was not observed as with PF. 
The onset of nielt I racture was detected to occur at critical slicar stress in the range 
ol'O. 09 to 0.12 N111a tbr capillary dies having an 1A) ratio between 0 and 20 at a 
temperature of 2000C. 
Addition ofall talc fillers (10 and 20% wt) delayed the onset ofinelt I racturc to it 
higher shear stress and higher loadings oftalc (60% %vt. ) completely suppress tile 
development ofinelt fracture in the range of'shear rate Studied. 
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a Shear rate and L/D ratio are the major causes of changes in severity of melt 
fracture for unfilled and talc-filled compound studied. It was also found out that 
talc morphology and size do not have significant effect on the severity of fracture. 
294 
Chapter7 
7.4 References 
I. Anand, J. S., and Bhardwaj, I. S., RheologicalActa, 19(5), 614,1980. 
2. Beynon, D. L. T., and GyIde, B. S., British Plastics, 33,414,1960. 
3. Racin, R., and Bogue, D. C., Journal ofRheology, 23(3), 263,1979. 
4. Brydson, J. A., Flow Properties of Polymer Melts, George Godwin Limited, 
London, 2nd ed. 19 8 1. 
5. Han, C. D., Journal ofApplied Polymer Science, 18,821,1974. 
6. Maiti, S. N., and Jeyakumar R., Journal ofPolymer Material, 7,29,1990. 
7. Bajaj, P., Jha, N. K., and Jha, R. K., British Polymer Journal, 21,345,1989. 
8. Lobe, V. M., & White, U., Polymer Engineering and Science, 19(9), 617,1979. 
9. Maiti, S. N., and Hassan, M. R., Journal of Applied Polymer Science, 37,2019, 
1989. 
10. Shin, K. C., White, J. L., and Nakajima, N., Journal of Non-Newtonian Fluid 
Mechanics, 37,95,1990. 
11. Han, C. D., Rheogy in polymer processing, Academic press, N. Y., 1976. 
12. Haung, D. C., and White, U., Polymer Engineering and Science, 19(9), 609, 
1979. 
13. Bagley, E. B., Storey, S. H., and West, D. C., Journal ofApplied Polymer Science, 
7,1661,1963. 
14. Cogswell, F. N., Plastic and Polymer, 38(3), 391,1970. 
15. White, J. L., Czamecki, L., and Tanka, H., Rubber Chemistry & Technology, 53, 
823,1980. 
16. Suetsugu, Y. and White, U., Journal of Applied Polymer Science, 28,1481, 
1983. 
17. White, JI., and Crowder, J. W., Journal of Applied Polymer Science, 18,1013, 
1974. 
295 
Chapter7 
18. Mijangos-Santiago, F., and Dealy, J. M., Polymer Engineering and Science, 
31(16), 1176,1991. 
19. Jumpa, S., Elongational Rheometry and Processing of Filled Polyethylene Melts, 
PhD Thesis, Loughborough University, UK, 1998. 
20. Tanaka, H., and White, J. L., Polymer Engineering and Science, 20(14), 949,1980. 
2 1. Goel, D. C., Polymer Engineering and Science, 20(3), 198,1980. 
22. Karger-Kocsis, J., Polypropylene Structure, Blends and Composites, Chapman & 
Hall, London, 1995. 
23. Rarnarnurthy, A. V., Journal ofRheology, 30(2), 337,1986. 
24. Kalika, D. S, and Denn, M. M., Journal ofRheology, 31(8), 815,1987. 
25. Akay, G., Journal ofNon-Newtonian Fluid Mechanics, 13,309,1983. 
26. Becker, J., Bengtsson, P., Klason, C., and Kubat, J., International Polymer 
Processing, 6(4), 318,199 1. 
27. Moynihan, R. H., Baird, D. G., and Ramanathan, R., Journal of Non-Newtonian 
FluidMechanics, 36,255,1990. 
28. Hatzikiriakos, S. G., Polymer Engineering and Science, 34(19), 1441,1994. 
29. Tzoganakis, C., Price, B. C., and Hatzikiriakos, S. G., Journal of Rheology, 37, 
355,1993. 
30. Utracki, L. A. and Gendron, R., Journal ofRheology, 28,601,1984. 
3 1. Lupton, J. M., Polymer Engineering and Science, 23 5,1965. 
32. Lin, Y. H., Journal ofRheology, 29(6), 605,1985. 
33. Kazatchkov, I. B., Hatzikiriakos, S. G., and Stewart, C. W. Polymer Engineering 
and Science, 35(23), 1864,1995. 
34. Kazatchkov, I. B., Hatzikiriakos, S. G., and Stewart, C. W., ANTEC 94,1180,1994. 
35. Tzoganakis, C., Baik, J. J., Polymer Engineering and Science, 38(2), 274,1998. 
36. Dealy, J. M., and Wissbrun., K. F., Melt Rheology and its Role in Plastic 
Processing: Theory and Application, Van Nostrand Reinhold, New York, 1990. 
296 
Chapter7 
37. Ballenger, T. F., Chen, I., Crowder, J. W., Hangler, G. E., Bougue, D. C., and 
White, J. L., Transaction of the Society ofRheology, 15 (2), 195,197 1. 
38. Fujiyama, M. and Kaeasaki, Y., Journal of Applied Polymer Science, 42,467, 
1991. 
297 
Chapter 8 
Chapter 8 
8 Conclusions 
8.1 Investigation offiller morphology and size 
Particle morphology was examined using SEM and optical microscopy. Talc particles 
differ in morphology and it was concluded that the talc grades used in our study were 
of platey, acicular and spherical shapes. The larger talc particles are made up of stacks 
of sheet layers. The talc particles used in this study do not seem to be agglomerating 
excessively. Optical microscopy or SEM shows similar particle morphology but SEM 
is a much better technique for analysing the filler morphology for smaller particles. 
Particle size analysis was carried out on the uncoated talc grades using some different 
techniques, that give different particle size values and distributions for the same grade 
of talc. Therefore it is necessary to quote particle size and distribution with the 
reference to the analytical method employed. 
8.2 Investigation offiller surface modification 
The method of application of different types of surface modifier has been 
comprehensively studied initially using the Waring bench-top blender. It is found 
essential to apply heat before dispersing the surface modifier into the filler sample. It 
is also essential to maintain a temperature high enough for a specified period of time, 
in order to fully react the coating/coupling agent on to the surface of filler. Also it is 
vital to slowly spray the coating/coupling agent onto the filler in order to obtain a 
complete dispersion of surface modifier. 
The method for quantification of silanes on talc using DRIFTS was successfully 
applied. The free-OH peak at 3625 cm" was used as an internal standard. This peak is 
only found in the talc lattice and is not affected by adsorption on the talc surface. 
DRIFT analysis shows that for a specified quantity of surface modifier, the reaction 
will reach a point at which all the acid is reacted onto the surface of the filler. At this 
point the integration of the CH group will not increase further. 
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When surface modifier (y-aminopropyltriethoxysilane) is applied to the filler at 
different addition levels there is generally an increase in the integrated area of the CH 
group on the DRIFT spectrum. The increasing peak area, with no levelling off above 
1.4% (the theoretically calculated weight % for monolayer coverage) is an indication 
of unreacted silane present in the system. 
8.3 Oil ahsorption andpackingftaction analysis 
Oil absorption values depend on the particle size distribution of the filler and also on 
the surface coating system. It was concluded that fillers with a broader particle size 
distribution have lower oil absorption values. A Coating also tends to lower the 
absorption values, suggesting that surface treatment displaced the adsorbed water 
molecules from the hydrophilic surface of tale and provided a surface compatible with 
polymer. Lower oil absorption with surface treatment means a higher packing 
fraction, which increased the filler loading that can be incorporated into the polymer 
and contributes to the viscosity-filler loading relationships. 
8.4 Production offilled compounds 
The production of filler was carried out on the APV twin screw compounder. The 
volume-feeder speed relationship was generally not linear (except for the central part), 
which represents a source of error in determining the exact amounts of filler 
incorporated into PP. However, ashing tests provided a more reliable method of 
determining actual filler content. The APV twin screw extruder displayed the torque 
generated during compounding which enabled the specific energy to be calculated. In 
general, specific energy increased with increasing filler content except for high levels 
of loading. Reduction of specific energy at very high levels of filler loading was due 
to the fact that talc tended to reduce the enthalpy of polypropylene compounds and 
hence less heat was required to melt the compounds. Relative to the uncoated talc 
filled compounds, the introduction of a coating agent reduces the specific energy due 
to better filler dispersion resulting in reduction in shear viscosity (see pressure data in 
Appendix A. 7). Addition of coupling agent C2 showed an increase in specific energy 
because the chain of malelic anhydride polypropylene interact with the matrix 
polymer, which lead to an increase in viscosity. 
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8. S Investigations of shearflow 
All PP compounds exhibit pseudoplastic behaviour, i. e. shear viscosity decreases with 
increasing shear strain rate (in the range 100 to 6000 s") at 200'C. Nearly all the 
compounds studied obey the power law in shear rate range studied. Small changes in 
molecular weight do not affect the shear viscosity significantly, due to the high shear 
stress/rates in the capillary rheometer. In general, shear viscosity increases with the 
amount of talc added, and the blend system also follows the power law. The effect of 
talc morphology has been studied in this context, PP filled with talc having 
predominantly acicular particles (high surface area), shows a higher shear viscosity 
than PP filled with other morphology talc. It was concluded that high surface area 
fillers tended to interact more strongly with the polymer matrix, (known as an effect 
of occluded polymer) which tends to increase the effective filler volume, thus 
increasing the viscosity. 
A Maron-Pierce type equation, used to predict the effects of filler addition on the 
compound viscosity, is in good agreement with our experimental values up to a 
volume fraction of 0.10. However, at higher volume fractions, the Maron-Pierce 
equation predicts higher values of relative viscosity, than were measured in practice. 
However with high surface area particles (e. g. T2) the difference between theory and 
practice was much less. It was also found that the filler with broader size distribution 
(T6) has a lower relative viscosity compared to a narrow size distribution filler (T4). 
An equation of the type (ij, =I+ ki + k2 ý2) seems fit our data with reasonable 
agreement. 
The silane coating C3 (up to 5 %) did not significantly influence the shear viscosity of 
the compound. However, compounds with 10% wt. of coating on talc showed a 
decrease in viscosity probably due to some unreacted silane in the system. An 
apparent onset of dilatancy was observed at very high shear rates with these 
compounds. Adding an external lubricant (C4) did not influence the viscosity of the 
system. However the addition of a reactive coupling agent consistently increased 
shear viscosity slightly for all the compounds studied. This slight increase of shear 
viscosity was due to high rates of shear involved in the capillary rheometry, at which 
the behaviour of polymer chains dominates the rheological response. 
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8.6 Wall slip analysis 
The unfilled PP consistently showed evidence of wall slip due to an unspecified 
external lubricant in the system; the slip velocity increased systematically with shear 
stress and there is a critical value below which slip velocity was negligible. In filled 
compounds we see that as the concentration of filler increased there was a decrease in 
slip velocity. A mechanism of slip has been proposed which explains the slip data for 
unfilled and filled PP and a new empirical model is proposed to account for slip 
velocity of filled PP, which predicts slip velocity as a function of talc volume fraction. 
The morphology of filler has an effect on slip velocity and at 10 percent PP filled with 
higher surface area (T2) filler showed a higher slip velocity than PP with other 
particles. However, particle size, (over the range studied), had very little effect on slip 
velocity. It was also found that slip velocity increased by coating the talc either with a 
non-reactive coating or coupling agents due to velocity modification at the flow 
boundary. 
8.7 Extrudate swell analysis 
All PP compounds show an increase in extrudate die swell with increasing shear 
strain rate (in the range 100 to'6000 s") at 200'C i. e. the amount of recoverable elastic 
stain energy increases as shear rate was increased. 
It was found that die swell of unfilled and filled PP was influenced by molecular 
weight. This difference in swell was prominent with zero length dies suggesting that 
recovery of elastic tensile strains tended to distinguish polymers with different 
molecular weight better; this meant that extensional flow has more influence on die 
swell. 
The inclusion of talc in each PP results in a decrease in extrudate swell, which was 
due to reduction of the mobility of polymer chains. Extensional and shear modulus 
also increased with the increase in filler content. A mechanism based on "bound 
polymer" has been presented which explains the decrease in die swell with an 
increase in particle loading. It was concluded that filler particles bind the polymer, 
and this immobilised the movement of polymer chains. 
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The particle shape of talc did not strongly affect the swell behaviour of the composite 
materials. Within the range of particle size tested, the influence of particle size on 
swell was not appreciable. 
Coating talc filled compound (0) produced a higher swell ratio, relative to uncoated 
filled PP compounds. The higher coating level also consistently produced higher swell 
values. Coated filled PP-talc compounds showed a decrease in extensional and shear 
modulus as compared to uncoated filled compound. It was also found that coupling 
agent reduced swell (and increased extensional and shear modulus). The reduction in 
swell depended upon the type and amount of coupling agents used. 
8.8 Meftftacture analysis 
Surface melt fracture, commonly observed in the processing of some polymers, did 
not occur for the polypropylene grades under study. Instead a sharp transition from a 
smooth to a 'screw thread' appearance was observed. The onset of melt fracture was 
detected at a critical wall shear stress in the range between 0.09 and 0.12 MPa. 
Addition of talc filler delayed the onset of melt fracture and higher loadings of talc 
completely suppress the melt fracture in the range of shear rate studied. 
Shear stress, talc percentage and die L/D ratio are the major causes of changes in 
severity of melt fracture for unfilled and talc filled compound studied. It was also 
found that the talc morphology and particle size did not have significant effects on the 
severity of melt fracture. 
8.9 Recommendationforfurther work 
From the result obtained from the present study, further investigation is possible. 
Suggestions includes the following: 
9 The influence of other fillers morphology, size and coating/coupling on the melt 
state properties of filled PP compound could be investigated. This would enhance 
the knowledge how different fillers morphology, size and coating/coupling effect 
the melt state properties of filled PP. 
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Chapter 8 
The slip mechanism could be analysed in greater depth using different fillers and 
polymers to investigate and identify the lubrication mechanism (and additives) 
responsible for slip. 
Explore extrudate swell and melt fracture of filled polymers in more complex die 
geometries including slit, profile, annular geometries and ultimately, the 
knowledge from a rheological study be applied to real, commercial process. 
9 Create mathematical models of die swell, wall slip and melt fracture of filled 
polymer as a function process variables important in the extrusion process such as 
shear rate, viscosity and filler loading. 
To carry out flow simulation studies using the data obtained from capillary 
rheometry studies and compare with practical extrusion process in order to assess 
the importance of rheological changes to the processing. 
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A Appendices 
A. 1 PP technical data sheets (from Montell) 
A. 1.1 Polypropylene LY6100 
Montell polypropylene LY6 100 is a homopolymer, which has a conventional distribution of molecular 
weight and a medium level of flow. It is primarily intended to be used for the production of oriented 
tapes, via cast extrusion routes, for applications which include weaving tapes for tufted carpets backing 
fabrics; backing yams for woven carpets and twisted fibrillated yam for cordage products. In addition, 
the grade can be used for other extrusion applications such as drinking straws and sheet for 
thermoformed hollow containers, where it offers a desirable balance of rheological properties and melt 
strength. 
The typical properties characterising the grade, under laboratory conditions, are presented below: - 
Table A. 1-1 Typical properties of PPLY 6100. 
Typical Properties Test Method Units Value 
Melt Index 2.16 kg at IS01133 g 10min" 4.0 
230T 
Density ISO 1183: Section D, Density Gradient gml" 0.905 
Column 
Tensile Yield Strength ISO 527.2: Inj. Moulded Specimen, MPa 36.0 
100mm min" 
Flexural Modulus ISO 178: Inj. Moulded Specimen, 13mm MPa 1350 
min" 
Falling Weight Impact BS 2782: Method 30613,1.6mm Inj. 1 0.30 
Strength at 200C Moulded Specimen 
_ Izod Impact at 20'C ISO 180: Specimen 4, Inj. Moulded M-2 KJ 2.2 
Specimen, Notch A, moulded-in 
Vicat Softening Point ISO 306: Method A 0C 153 
Heat Distortion ISO 75: Method B 0C III 
Temperature ISO 75: Method A 0C 62 
-at 0.45 MN m 
-at 1.8 MN M-2 
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A. 1.2 Adstif T2101 F 
Adstif T2101F is a new polypropylene type, which features an extremely high stiffness, high gloss, 
good transparency and improved characteristics at high temperatures. 
It has been especially developed for extrusion - thermoforming and film applications where high 
rigidity, outstanding transparency and very good thermal characteristics are needed. 
Typical applications of Adstif T2101F include transparent food containers, containers for high 
temperature filling as well as any application where high gloss and high stiffness are required. 
The composition of the product complies with FDA norms and with regulations in force in major 
European countries concerning food contact applications. Further details can be supplied on request. 
Table A. 1-2 Typical properties of Adstif T 2101 F. 
Typical Properties Test Method Units Value 
Melt Index 2.16 kg at 230'C IS01133 g l0min-1 3.5 
Density IS01183 gmi-I 0.91 
Tensile Yield Strength ISO R 527 MPa 41.0 
Elongation at yield ISO R 527 % 7 
Flexural Modulus IS0178 MPa 2150 
Izod Impact at 23"C IS0180 KJM-2 3.0 
Hardness Shore D IS0868 points 74 
Vicat Softening Point (9.8 N) ISO 306: Method A 0C 159 
Heat Distortion Temperature -at 0.46 
Mpa 
ISO 75: Method B 0C 125 
Accelerated oven ageing in air 
(forced circulation) at 150'C 
IS04577 hours 360 
Haze (I mm Plaque) MTM 17031 % 35 
* Adstif 2 10 1F is suitable for food contact. 
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A. 2 Talc technical data sheets 
A. 2.1 Finntalc M15 
Table A. 2-1 Typical properties of talc M15. 
MINERALOGICAL COMPOSITION 
Talc 196% 
Residue magnesite and chlorite 
The product contains no detectable amounts of asbestos type minerals nor quartz 
CHEMICAL ANALYSIS 
Mg0 31% 
Si02 60% 
A1203 0.5% 
CaO, 0.1% 
FeO total 2.2% 
Fe acid soluble IM HCI, 100T 0.2% 
C02 0.8% 
H20+ 4.8% 
CHEMICAL PROPERTIES 
Loss on ignition DIN 5108 1,1 OOO'C 5.6% 
Solubility in water DIN ISO 787/3 0.1% 
Acid solubles 3% 
PH DIN ISO 787/9 9 
PHYSICAL PROPERTIES 
Specific gravity DIN ISO 787/10 2750 kg/m3 
Tamped density IS0787/1 1 450 kg/m3 
Bulk density 350 kg/m3 
Hardness IMohs) I 
Refractive index 1.57 
Particle size distribution (Sedigraph 5100) 
Under 20 gm 98% 
Under 10 [un 86% 
Under 5 prn 54% 
Under 2 gm 20% 
Under I gm 10% 
orption DIN ISO 787/5 43 g/100 g 
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Whiteness FMY/C 84% 
DELIVERS Moisture content 
Dry powder in 25 kg bags max. 0.5% 
Dry powder in bulk max. 0.5% 
Moist pellets in 1000 kg flexible containers about 10% 
0 The physical properties are based on test results measured of dry powder 
The data given in this sheet are based on test results believed to be representative of the product, 
but should not be interpreted as binding specifications. 
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Figure A. 2-lTypical particle size distribution of Finnyalc M15. 
A. 2.1 Nytal 400 
Table A. 2-2 Typical properties of talc Nytal 400 
RVT product code: 31209 
Composition: Hydrous calcium magnesium silicate mineral mixture 
Test Method Specification 
Physical state Visual Powder 
Color Visual White 
*Hegman fineness (3 ibs. /gal. ) T-953 4.5 minimum 
*Color in oil T-950 53-63 
*Consistency, KU T-951 83-91 
TYPICAL PROPERTIES 
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Density at 25C 2.85 M m3 
PH, 10% 9.5 
Oil Absorption, Rub-out 39 
Wratten Brightness 90 
Moisture 0.6% 
Finess retained on 325 mesh Trace 
Volume displacement 23.7 lb/gal 
Conforms to ASTM D-605; MIL-P-1573A, Type A; 52-MA-523b, Type 11, *Certified property 
Uses - Nytal 400 is super fine talc pigment. Suggested for use in high paint finess and film smoothness, 
such as semi-gloss paints. Filler and extender for natural and synthetic rubbers in specialized 
application. 
Standard container- 50 lb. Paper bag 
A. 2.2 Microtal SF-10 
Table A. 2-3 Typical properties of talc Microtal SF-10. 
DESCRIPTION 
This is a finely micronised high brightness grade of industrial talc, suitable for use in plastics and 
surface coatings where colour is of prime importance. 
TYPICAL PROPERTIES (NON SPECIFIED) 
CHEMICAL ANALYSIS Percentage by weight 
Magnesium as MgO 31 
Silicon as Si02 60 
Aluminium as A1203 1.2 
Calcium as CaO 0.70 
Iron as Fe203 2.2 
Loss on ignition (C02 + H20) 6.0 
PHYSICAL PROPERTIES 
Mean Specific gravity 2.8 kglm3 
Loose Bulk density 0.22 kg/litre 
Mean Reftactive index 1.62 
Colour (dry powder) 
L 97-8.5 
B* 09-1.3 
SPECIFIED PROPERTIES 
Particle size distribution by Malvern Laser Diffraction 
d (0.5) 4.5-7.5 
d (0.9) 11.5-14.5 
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P -- - Düm~ WM4 
Figure A. 2-2 Typical particle size distribution of Microtal SF-10. 
A. 2.3 Luzenac IOMOOS 
A white highly lamellar and finely ground talc, with low abrasiveness, from the Trimouns deposits in 
the French Pyreness 
Table A. 2-4 Typical properties of talc Luzcnac IOMOOS. 
DRY BRIGHTNESS 
Minolta CR300 - Monocalibrating D65 - 
CIE 1976 (MCI 7)1 
Trichromatic components X 82.8% 
Y 87.5% 
Z 94.5% 
Yellow index IJ 0.7% 
CIE L* a* b* component L* 94.8 
a* -0.1 
b* 0.4 
North guauge (MC 33)1 Fineness :5 15ýtrn 
Sedigraph 5 100 (MC 06)1 
D95 9.3 [un 
D75 5.4 jim 
D50 3.7 jim 
D25 2.2 grn 
OTHER PHYSICAL DATA 
Specific density 2.78 
Volumenometer Scott (MC 10)' Loose density 0.24 
STAV 2003 (MC 09)1 Tapped density 0.46 
B. E. T., Ar (APG 19)1 Specific surface area 8.5 M2/g 
Weight loss at 105'c (MC I I)' Moisture content Max. 0.5% 
Einlehner -I 00g/I -2 hours (MC 03)1 Abrasiveness 3.5Mg/CM2 
Thermogravimetric analysis (MC 08)1 Weight loss at 1050'C 6.5% 
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Weight loss at 7000C 
1 1.5% 
Weight loss at 500'C 
1 0.2% 
CHEMICAL CHARACTERISTICS 
Colorimetry (ACG 04)1 Si02 56% 
Atomic absorption spectrometry (ACG 0 1)' MgO 31% 
Fe203 0.9% 
Ti02 <0.1% 
Na2 0.04% 
A1203 4.2% 
CaO 0.4% 
K20 0.02% 
MINERALOGY 
Thermogravimetric analysis (MC 08)1 Lamellar: Talc 79% 
Chlorite 20% 
Granular: Dolomite 1% 
1 this in-house control method is based on current national and international ISO, DIN, AFNOR norms 
Particle size distribution 
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Figure A. 2-3 Typical particle size distribution of 10MOOS. 
A. 2.4 Luzenac 20MOOS 
A white highly lamellar and finely ground talc, with low abrasiveness, from the Trimouns deposits in 
the French Pyreness 
Table A. 2-5 Typical properties of talc Luzenac 20MOOS. 
DRY BRIGHTNESS 
Minolta CR300 - Monocalibrating D65 Trichromatic components X 82.8% 
CIE 1976 (MC17)1 Y 87.5% 
Z 94.5% 
Yellow index IJ 0.7% 
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CIE L* a* b* component L* 94.8 
a* -0.1 
b* 0.4 
PARTICLE SIZE DISTRIBUTION 
North guauge (MC 33)1 Fineness :5 20ýtrn 
Sedigraph 5 100 (MC 06)1 
D95 13.4 jim 
D75 7.8 Itm 
D50 5.0 lim 
D25 2.8 grn 
OTHER PHYSICAL DATA 
Specific density 2.78 
Volumenometer Scott (MC 10)1 Loose density 0.33 
STAV 2003 (MC 09)1 Tapped density 0.65 
B. E. T., Ar (APG 19)1 Specific surface area 5.4 m2/g 
Weight loss at 105'c (MC I I)' Moisture content max. 0.5% 
Einlehner -I 00g/I -2 hours (MC 03)1 Abrasiveness 3.5Mg/CM2 
Thermogravimetric analysis (MC 08)1 Weight loss at 1050'C 6.5% 
Weight loss at 700'C 1.5% 
Weight loss at 500'C 0.2% 
CHEMICAL CHARACTERISTICS 
Colorimetry (ACG 04)1 Si02 56% 
Atomic absorption spectrometry (ACG 0 1)' Mgo 31% 
Fe203 0.9% 
Ti02 <0.1% 
Na2 0.04% 
A1203 4.2% 
CaO 0.4% 
1 K20 1 0.02% 
MINERALOGY 
Thermogravimetric analysis (MC 08)1 Lamellar: Talc 79% 
Chlorite 20% 
Granular: Dolomite 1% 
1 this in-house control method is based on current national and international ISO, DIN, AFNOR norms 
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Figure A. 2-4 Typical particle size distribution of 20NIOOS. 
A. 2.5 Luzenac OOS 
A white hi-hiv lamellar and finek, -round ta1c, with low ahrasiveiless, froill tile Trimolln" deposits ill 
the French flyreness 
Table A. 2-6 Typical properties of talc Luzenac OOS. 
DRY BRIGHTNESS 
Minolta CR-300 - Monocalibrating D65 - 
CI FI 1976 (MC 17)1 
Trichromatic components X 81.5% 
Y 85.91, o 
Z 92.6(1,, o 
Yellow index IJ 1.001/0 
CIE L* a* b* component L* 94.3 
a* -0.2 
b* 0.6 
PARTICLE SIZE DISTRIBUTION 
Alpine A 200 I-S (MC 05)1 Sieve residue 40 microns <2% 
Sedigraph 5 100 (MC 06)1 
D95 28.5 pm 
D75 17.0 pin 
D50 10.2 pin 
D2 5 
OTHER PHYSICAL DATA 
specific dcllsitý 
5A jim 
2.78 
Volumenorneter Scott (MC 10)1 Loose density 0.45 
S, FAV 2003 (MC 09)1 Tapped density 0.89 
B. E. T., Ar (A PG 19) Specific surface area 3.1 m 
2/g 
Weight loss at 105"c (MC I I)' Moisture content Max. 0.5% 
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Finleliner - 100,,,, 'l -2 hours (MC 03)1 Abrasiveness 3.51110,011 
Thcri-nogravinietric analysis (MC 08)1 Wei-lit loss at 1050T 6.5(!, ýý 
Weight loss -at 700"C 1.5% 
Wei-ht loss at 500T 0.2% 
CHEMICAL CHARACTERISTICS 
Colorimetry (ACG 04)1 sio, 56% 
Atornic absorption spectrometry (ACG 01 )1 M-0 1 31% 
Fe'03 0.9% 
TiO, <0. I% 
Na, 0.04% 
A120.1 4.211/o 
cao 0.4ý ý 
K, O 0.02% 
MINERALOGY 
Thernio-ravinietric analysis (MC 08)1 Larnellar: Talc 790/, 0 
Chlorite 20% 
Granular: Dolomite 10/o 
1 this in-house control method is based on current national and international ISO, DIN, AFNOR norms 
Particle size distribution 
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Figure A. 2-5 Typical particle size distribution of OOS. 
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A. 3 CouplinglCoating technical data sheets 
A. 3.1 Silauest A-1100 Silane 
PRODUCT DESCRIPTION 
Silquest(D A-I I OOTM silane, gamma-aminopropyltriethoxysilane, is a versatile amino-functional 
coupling agent used over a broad range of applications to provide superior bonds between inorganic 
substrates and organic polymers 
The silicon-containing portion of the molecule provides strong bonding to substrates. The primary 
arnine function reacts with a wide array of thermoset, thermoplastic and elastomeric materials. 
TYPICAL PHYSICAL PROPERTIES 
Table A. 3-1 Typical physical properties of Silauest A-1100 Silane. 
Physical Form Liquid 
Color Light straw 
Specific Gravity at 25/25*C 0.946 
Boiling Point at 760 mm Hg, "C (*F) 217(423) 
Refractive Index, nD250C 1.420 
Flash Point, Pensky-Martens Closed Cup('), 'C (T) 96(205) 
(i) ASTM Method D 
SOLUBILITY 
Silquest(V A-1 I OOTM silane is completely and immediately soluble in water (with reaction), alcohol and 
aromatic and aliphatic hydrocarbons. Ketones are not recommended as diluents. 
APPLICATIONS AND PERFORMANCE 
Coatings, Adhesives and Sealants 
SilquestID A- II OOTM silane is an excellent adhesion promoter in acrylic coatings, adhesives and 
sealants. With polysulfide, urethane, RTV silicones, epoxy, nitrile, and phenolic adhesives and 
sealants, the product improves pigment dispersion and maximizes adhesion to glass, aluminum and 
steel. 
Glass-rein forced resin systems 
. 110OTM In glass-reinforced thermosets, SilquestID A silane enhances the flexural, compressive and 
interiaminar shear strengths before and after exposure to humidity. This product greatly improves wet 
electrical properties. Glass-reinforced thermoplastics, polyamides, polyesters and polycarbonates 
exhibit increased flexural and tensile strengths before and after wet exposure when this silane is used. 
Glass Fiber and Mineral Wool Insulation 
As a phenolic resin binder additive, SilquestO A- I lOOTM silane imparts moisture resistance and allows 
recovery after compression. 
Mineral-filled resin systems 
SilquestS A-I I OOTM silane maximizes the physical and electrical properties of mineral-filled phenolics, 
epoxies, polyamides, polybutylene terephthalate and a host of other thermoset and thermoplastic 
composites. Filler wetting and dispersibility in the polymer matrix are also improved. 
Foundry applications 
In shell molding, this silane strengthens the bond between the phenolic binder and foundry sand. 
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Grinding wheels 
The product promotes an improved, water-resistant bond between the abrasive grit and phenolic resin 
binder. 
Product safety 
For information on health effects and any safety protection recommended for Silquest Silane, you 
should obtain the latest Witco Safety Data Sheet for the specific product. Please contact your nearest 
Customer Service Center or Affiliate (outside the United States). See the attached pages for address 
and Phone numbers. 
A. 3.2 Silauest A-137 Silane 
PRODUCT DESCRIPTION 
Silquestg) A-137 (N-Octyltriethoxysilane) is useful in coupling non-reactive alkyl groups to inorganic 
substrates. Silquest(D A-137, an alkyl alkoxy silane, is a stable silane monomer which is easily 
dissolved in organic solvents and mineral spirits. 
TYPICAL PHYSICAL PROPERTIES 
Table A. 3-2 Typical physical properties of Silauest A-1100 Silane. 
Physical Form Water-white or slightly opaque liquid 
Active Material content, % minr 95 
Viscosity at 25'C, cSt 2.1 
Useful storage life, months 12 
Diluents Aromatic or aliphatic hydrocarbons, alcohols, mineral 
spirits 
Flash Point, Tad Closed Cup('), T ('F) 98(37) 
Specific gravity 0.8759 
Color, Pt(Co 100 
APPLICATIONS 
Cure time - concrete and silane cure 
It is advisable that the concrete or cement surface be allowed to cure for about 14 days prior to the 
application of the silane sealer solution though this is not always done. Silane will penetrate into the 
surface and begin to react immediately. Full water repellency will be evident within about 12-24 hours. 
Humidity, pH, and temperature can effect the rate of the reactions. The surface appears to be dry, 
usually 15-30 minutes. 
Concentrations 
Typical silane sealer solutions in the U. S. are 20% and 40% by weight in an organic solvent or alcohol. 
Lower concentrations can be effective if catalysts such as titanium acetylacetonate, dibutyltindilaurate, 
or other common hydrolysis/condensation catalysts are added in small amounts (0.5% to 1% of silane 
weight). 
Surface preparation 
The silane will be most effective when it can penetrate into the pores and react with the substrate. New 
vertical surfaces usually do not require cleaning. New horizontal surfaces sometimes become soiled 
and the pores plugged with construction debris. Older surfaces may require cleaning by appropriate 
methods. Common methods in the U. S. include steam clean, waterblast, sandblast, shotblast and simple 
scrubbing with weak HCL in water. Spot testing of surfaces with the silane solution can determine the 
need of cleaning. 
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Effectiveness versus competitive materials 
Silane water repellents are the premium products. They generally are used for highway bridge decks, 
parking garage decks and other industrial surfaces. The performance and durability of silane water 
repellent effects on heavily traveled highway decks for as long as 10 years been documented. 
Cost 
Silane water repellents are generally more expensive than acrylic emulsions, oils, waxes, silicones, etc. 
Typically they will retail for 2-3 times the cost. 
Penetration - bricks, concrete 
Silane water repellents provide excellent performance when used on bricks. The low pH of some brick 
substrates sometimes requires that one of the catalysts above be used in solution . The 
depth of 
penetration into brick, clay tile and other porous masonry sometimes exceeds the thickness of the 
article. Generally 1-3 cm. Penetration into dense concrete is usually 2-5 mm. 
Efflorescence 
This phenomena is caused by lime being leached out of the brick by liquid permeation. Silane water 
repellents can often eliminate the problem, especially if applied before it begins. The water repellent 
will not cause the problem. 
" The OrganoSilicones Group is a leading producer of organofunctional silanes, silicone fluids and 
urethane additives. 
" Silanes are widely used as coupling agents or reactive intermediates in fibreglass, reinforced 
plastics, coatings, adhesives & sealants, electrical, thermoplastics, rubber and many other 
industries. 
" Silicone fluids reduce unwanted foam, improve flow arid leveling, increase mar resistance in 
coatings, paints and inks. They impart a smooth feel and softness to cosmetics, serve as release 
agent for molded rubber or plastics and contribute to the gloss of cleaners, polishes and finishes. 
" Silicone surfactants and catalysts contribute to foam stability and cell density in urethane foams 
and elastomers. 
" Sales representatives in nearly 100 countries worldwide are supported by major plants and 
technical centers in the United States, Europe, Asia and Latin America. All our manufacturing 
facilities have ISO 9002 registrations. 
A. 3.3 POLYBOND 3200 
PRODUCT INFORMATION 
POLYBONDO 3200 
CHEMICALLY MODIFIED POLYOLEFIN 
" Chemical coupling agent for glass, mica, and talc reinforced polypropylene giving enhanced 
physical and thermal properties. 
" Compatibilizer for blends such as polypropylene/polyamide and polypropylene/EVOH to improve 
processability and mechanical properties. 
" Obtain physical properties comparable to other POLYBOND products using lower addition levels. 
GENERAL PROPERTIES 
Table A. 3-3 General properties of PoIybond 3200. 
Composition Maleic anhydride modified 
homopolymer polypropylene 
Physical Form Pellets 
Melt Flow Rate (230/2.16) 90-120 g/ 10 min (ASTM D-1238) 
Density at 230C 0.91 g/c (ASTM D-79 
Melting Point 157*C (DSC) 
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PROPERTIES IN 30 % GLASS FILLED POLYPROPYLENE 
Table A. 3-4 Increase in properties due to addition of polybond 3200. 
Property 0.25% PB3200 0.5%PB3200 I%PB3200 2%PB3200 
Tensile Strength 17% 19% 22% 27% 
Flexural Strength 15% 20% 26% 27% 
Izod Impact Unnotched 42% 45% 66% 75% 
Izod Impact Notched 36% 80% 104% 120% 
Generation of above data was via twin screw extrusion. POLYBOND addition level is based on total 
weight of composite. Glass type is PPG-" 242 1/8" 
PROCESSING RECOMMENDATIONS 
This is intended as a general guide only, please contact your local sales representative with specific 
questions. Keep POLYBOND 3200 dry prior to processing since it is hygroscopic in nature. Tie liners 
of open gaylords when not in use to prevent exposure to moisture. If exposure occurs, POLYBOND 
3200 can be dried in a hopper dryer or oven for a few hours at 105'C to remove moisture. A slight 
pungent odor is normal during processing of POLYBOND 3200. Purge equipment with polypropylene 
before and after running POLYBOND 3200. 
SUGGESTED PROCESSING TEMPERATURES 
Table A. 3-5 Processing temperature for Extrusion/Injection Moulding. 
Extrusion/Injection Moulding 
Feed Zone 1900C 
Middle Zone 200'C 
Front Zone 205'C 
Die/Nozzle 210'C 
Melt Temp 205'C-220'C 
Read the polybond 3200 material safety data sheet before handling, processing, or storing this material . The recommendations for the use of our products are based on tests believed to be reliable. However, we do not guarantee the results to be obtained by 
others under different conditions. Nothing in this bulletin is intended as a recommendation to use our products so as to infringe 
on any patent. 
A. 3.4 LUWAX 0A PULVER 
Product name: LUWAX 0A PULVER 
Apperance: Powder 
Table A. 3-6 Typical physical properties of LUWAX 0A PULVER. 
Specified characteristic Test method Specification 
Melting point DIN 51007, ASTM D-3418 101-109 OC 
Melt viscosity DIN 51562, ASTM D-2162 950-1550 MM2/S 
Density at 23 *C DIN 53 479, ASTM D-792 0.910-0.930 C/CM3 
Particle size BASF method <= 30 % 
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A. 4 Particle size analysis (Coulter) 
A. 4.1 Finntalc M15 
Sample ID: Finn TALC M- 15. 
Comment: Dispersed with I drop coulter dispersant and I min sonic probe 
Electrolyte: I% NaCI 
Aperture Size: 70 pm Aperture Current: 1600 pA 
Channels: 256 Kd: 624.98 
Control Method: Siphon 500 gI Gain: 2 
Elapsed Time: 28.2 Seconds Raw Count: 53312 
Electrolyte Vol: 500 ml Analytic Volume: 500 PI 
Volume %< Particle Dia. gm 
10 2.725 
25 4.432 
50 7.158 
75 10.41 
90 13.75 
Particle 
Dia 
Diff 
Volume 
Cum < 
Volume 
Particle 
Dia 
Diff 
Volume 
Cum < 
Volume 
Particle 
Dia 
Diff 
Volume 
Cum < 
Volume 
ýLm % % pm % % lun % % 
1.22 0 0 4.131 2.21 22.2 13.99 1.72 90.71 
1.289 0 0 4.366 2.29 24.4 14.79 1.58 92.43 
1.363 0.58 0 4.615 2.41 26.69 15.63 1.86 94 
1.44 0.59 0.58 4.878 2.54 29.1 16.52 1.2 95.86 
1.522 0.6 1.16 1 5.156 2.78 31.64 17.46 0.58 97.06 
1.609 0.64 1.76 5.45 2.81 34.41 18.46 0.53 97.64 
1.701 0.68 2.4 5.761 2.98 37.22 19.51 0.55 98.17 
1.798 0.72 3.07 6.09 3.23 40.21 20.63 0.24 98.71 
1.9 0.77 3.8 6.437 3.48 43.43 21.8 0.4 98.95 
2.009 0.83 4.57 6.804 3.38 46.92 23.04 0.38 99.36 
2.123 0.89 5.41 7.192 3.53 50.29 24.36 0.13 99.74 
2.244 0.96 6.29 7.602 3.61 53.83 25.75 0.13 99.87 
2.372 1.04 7.26 8,035 3.9 57.43 27.22 0 100 
2.508 1.12 1 8.3 8.494 3.58 61.33 1 
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2.651 1.21 9.42 8.978 3.91 64.9 
2.802 1.32 10.63 9.49 3.65 68.81 
2.962 1.44 11.95 10.03 3.7 72.46 
3.13 1.51 13.39 10.6 3.18 76.16 
3.309 1.64 14.91 11.21 3.26 79.34 
3.498 1.78 16.55 11.85 2.97 82.59 
3.697 1.86 18.33 12.52 2.54 85.56 
2.01 20.18 13.24 2.6 88.1 
A. 4.2 Nytal 400 
Sample ID: Nytal 400 
Comment: Dispersed with I drop coulter dispersant and I min sonic probe 
Electrolyte: I% NaCl 
Aperture Size: 70 gm Aperture Current: 1600 IiA 
Channels: 256 Kd: 624.98 
Control Method: Siphon 500 pl Gain: 2 
Elapsed Time: 27.5 Raw Count: 69043 
Electrolyte Vol: 500 ml Analytic Volume: 500 [tl 
Volume %< Particle Dia. gm 
10 1.95 
25 3.205 
50 5.746 
75 9.027 
90 12.22 
Particle 
Dia 
Diff 
Volume 
Cum < 
Volume 
Particle 
Dia 
Diff 
Volume 
Cum < 
Volume 
Particle 
Dia 
Diff 
Volume 
Cum < 
Volume 
ýtm % % ýIm % % Rm % % 
1.22 0 0 4.131 2.27 34.51 13.99 1.42 94.96 
1.289 1 0 0 4.366 2.47 1 36.78 14.79 0.88 96.38 
1.363 1.64 0 4.615 2.51 39.25 15.63 0.82 97.27 
1.44 1.61 1.64 4.878 2.84 41.76 16.52 0.57 98.09 
1.522 1.52 3.25 5.156 2.67 44.59 17.46 0.4 98.66 
1.609 1.52 4.76 5.45 2.87 47.27 18.46 0 99.06 
1.701 1.5 6.28 5.761 2.98 50.14 19.51 0.57 99.06 
1.798 1.53 1 7.78 1 6.09 2.97 53.12 20.63 0.37 99.63 
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1.9 1.52 9.31 6.437 3.1 56.08 21.8 0 100 
2.009 1.56 10.82 6.804 3.06 59.18 
2.123 1.54 12.38 7.192 2.92 62.24 
2.244 1.6 13.92 7.602 3.05 65.16 
2.372 1.68 15.52 8.035 3.39 68.21 
2.508 1.65 17.2 8.494 3.09 71.61 
2.651 1.74 18.86 8.978 3.22 74.7 
2.802 1.79 20.6 9.49 2.9 77.92 
2.962 1.8 22.38 10.03 2.74 80.82 
3.13 1.93 24.18 10.6 2.72 83.56 
3.309 2.01 26.12 11.21 2.54 86.28 
3.498 2.08 28.13 11.85 2.21 88.83 
3.697 2.13 30.21 12.52 2.01 91.04 
3.908 2.17 32.34 13.24 1.92 93.04 
A. 4.3 Microtal SF 10 
Sample ID: SF 10 
Comment: Dispersed with I drop coulter dispersant and I min sonic probe 
Electrolyte: I% NaCl 
Aperture Size: 70 jim Aperture Current: 1600 gA 
Channels: 256 Kd: 624.98 
Control Method: Siphon 500 til Gain: 2 
Elapsed Time: 27.6 Raw Count: 76330 
Electrolyte Vol: 500 ml Analytic Volume: 500 gl 
Volume %< Particle Dia. gm 
10 1.796 
25 2.43 
50 3.563 
75 5.098 
90 6.836 
Particle 
Dia 
Diff 
Volume 
Cum < 
Volume 
Particle 
Dia 
Diff 
Volume 
Cum < 
Volume 
Particle 
Dia 
Diff 
Volume 
Cum < 
Volume 
pm % % pm % % pm % % 
1.22 0 0 4.131 3.96 60.64 13.99 0.03 99.87 
[71. Y28 9 0 0 4.366 3.83 64.6 14.79 0.05 99.9 
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1.363 1.76 0 4.615 3.67 68.43 15.63 0 99.95 
1.44 1.94 1.76 4.878 3.64 72.1 16.52 0.05 99.95 
1.522 1.98 3.69 5.156 3.48 75.74 17.46 0 100 
1.609 2.13 5.68 5.45 2.99 79.22 
1.701 2.24 7.8 5.761 2.87 82.21 
1.798 2.42 10.05 6.09 2.62 85.09 
1.9 2.53 12.46 6.437 2.1 87.71 
2.009 2.75 15 6.804 1.98 89.81 
2.123 2.86 17.75 7.192 1.68 91.79 
2.244 3.05 20.61 7.602 1.42 93.47 
2.372 3.18 23.66 8.035 1.27 94.9 
2.508 3.33 26.84 8.494 0.92 96.17 
2.651 3.51 30.17 8.978 0.62 97.1 
2.802 3.67 33.68 9.49 0.65 97.71 
2.962 3.7 37.35 10.03 0.44 98.36 
3.13 3.83 41.05 10.6 0.39 98.8 
3.309 3.83 44.87 11.21 0.25 99.19 
3.498 3.97 48.7 11.85 0.18 99.44 
3.697 4.04 52.67 12.52 0.08 99.62 
3.908 3.93 13.24 1 0.16 99.7 
A. 4.4 20 MOOS 
Sample ID: 20MOOS 
Comment: Dispersed with I drop coulter dispersant and I min sonic probe 
Electrolyte: I% NaCl 
Aperture Size: 70 Rm Aperture Current: 1600 ýA 
Channels: 256 Kd: 624.98 
Control Method: Siphon 500 ýLl Gain: 2 
Elapsed Time: 11.4 Raw Count: 9694 
Electrolyte Vol: 500 ml Analytic Volume: 500 gl 
Volume %< Particle Dia. pn 
10 2.521 
25 4.447 
so 7.326 
75 1057 
90 13.56 
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Particle 
Dia 
Diff 
Volume 
Cum < 
Volume 
Particle 
Dia 
Diff 
Volume 
Cum < 
Volume 
Particle 
Dia 
Diff 
Volume 
Cum 
Volume 
Jim % % gm % % gm % % 
0.939 0 0 3.18 1.41 14.92 10.77 4.1 76.03 
0.992 
10 
0 3.361 1.6 
1 
16.33 11.38 3.32 80.13 
1.049 0.41 0 3.553 1.56 17.93 12.03 3.2 
1 
83.44 
1.109 0.42 0.41 3.755 1.63 19.49 12.72 2.84 86.64 
1.172 0.42 0.83 3.969 1.84 21.12 13.44 3.03 89.47 
1.239 0.46 1.25 4.196 1.95 22.96 14.21 1.82 92.5 
1.309 0.49 1.71 4.435 2.01 24.91 15.02 1.67 1 94.32 
1.384 0.51 2.19 4.688 2.18 26.92 15.88 1.21 95.99 
1.463 0.54 2.7 4.955 2.31 29.11 16.78 1.01 97.2 
1.546 0.59 3.24 5.238 2.65 31.41 17.74 1 1.37 98.21 
1.635 0.63 3.83 1 5.536 2.9 34.07 18.75 0.16 99.58 
1.728 0.66 4.46 5.852 2.93 36.97 19.82 0 99.74 
1.826 0.71 5.12 6.186 3.24 39.9 20.95 0.26 99.74 
1.93 0.72 5.84 6.538 3.36 43.15 22.15 0 100 
2.04 0.84 6.56 1 6.911 3.3 46.51 
2.157 0.84 7.39 7.305 3.71 49.81 
2.28 0.96 8.23 7.722 3.78 53.52 
2.41 1.01 9.19 8.162 3.78 57.3 
2.547 1.09 10.2 8.627 3.9 61.08 
2.692 1.18 11.29 9.119 3.57 64.98 1 1 
2.846 1.18 12.47 9.639 4.01 68.55 
3.008 1.27 13.65 10.19 3.46 72.56 
A. 4.5 OOS 
Sample ID: 20MOOS 
Comment: Dispersed with I drop coulter dispersant and I min sonic probe 
Electrolyte: I% NaCl 
Aperture Size: 70 jim Aperture Current: 1600 ýLA 
Channels: 256 Kd: 624.98 
Control Method: Siphon 500 pl Gain: 2 
Elapsed Time: 27.7 Raw Count: 19771 
Electrolyte Vol: 500 ml Analytic Volume: 500 gl 
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Volume %< Particle Dia. Rm 
10 3.419 
25 6.022 
50 10.58 
75 16.09 
90 21.6 
Particle 
Dia 
Diff 
Volume 
Cum < 
Volume 
Particle 
Dia 
Diff 
Volume 
Cum < 
Volume 
Particle 
Dia 
Diff 
Volume 
Cum < 
Volume 
gm. % % Jim % % gm % % 
1.22 0 0 4.131 1.32 14.13 13.99 3.6 65.96 
1.289 0 0 4.366 1.46 15.44 14.79 3.78 69.56 
1.363 0.31 0 4.615 1.55 16.9 15.63 3 73.34 
1.44 0.34 0.31 4.878 1.57 18.45 16.52 3.27 76.34 
1.522 0.35 0.65 5.156 1.66 20.02 17.46 1 2.62 79.61 
1.609 0.39 1 5.45 1.8 21.68 18.46 3.61 82.22 
1.701 0.42 1.38 1 5.761 1.92 23.48 19.51 2.35 85.83 
1,798 0.45 1.8 6.09 2.05 25.4 20.63 2.33 88.18 
1.9 0.49 2.25 6.437 2.15 27.46 21.8 1 2.43 90.51 
2.009 0.54 2.74 6.804 2.22 29.6 23.04 1.86 92.94 
2.123 1 0.58 3.27 7.192 2.29 31.82 24.36 1.94 94.8 
2,244 0.62 3.86 1 7.602 2.15 34.11 25.75 0.66 96.74 
2.372 0.67 4.48 8.035 2.61 36.26 27.22 1 1.25 97.4 
2.508 0.73 5.15 8.494 2.74 1 38.87 28.77 0.22 98.65 
2.651 0.75 5.88 8.978 2.64 41.61 30.41 0.83 98.87 
2.802 0.85 6.63 1 9.49 2.99 44.25 32.14 0.3 99.7 
2.962 0.89 7.48 10.03 2.88 47.24 33.97 1 0 100 
3.13 1.02 8.38 10.6 2.96 50.12 
3.309 1.04 9.39 11.21 3.23 53.08 
3.498 1.17 10.43 11.85 3.02 56.31 
3.697 1.22 11.6 12.52 3.29 59.34 
3.908 1.31 12.82 13.24 3.33 6162 
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A. 5 Particle size analysis (MasterSize) 
A. 5.1 M-15 
Sample ID 
Sample Notes 
Range Lens 
Sampler 
Presentation 
Dispersant R. I. 
Residual 
Distribution Type 
Density 
Mean Diameters 
D (v, 0.1) 
D (4,3] 
Span 
M15 
Talc, dispersed and analysed in distilled water with I drop of coulter dispersant 
30ORF mm Beam Length 2.40 mm 
MS1 Obscuration 10.20% 
3PHD Particle R. 1 ( 1.5960,0.1000) 
1.33 Analysis Model Polydisperse 
0.30% Modifications None 
Volume Concentration 0.0079 %Vol 
2.400 g/ cub. cm Specific S. A. 0.4985 sq. m/g 
3.09 gm D Q, 0.5) 8.60 gm D (v, 0.9) 18.57 pm 
9.93 Rm D [3,2] 5.02 tim 
1.801 E+00 Uniformity 5.6413-0 1 
Size Low 
RM 
In % Size High 
pm 
UnderO/o Size Low 
Itm 
In% Size High 
pm 
Under% 
0.05 0 0.06 0 6.63 8.17 7.72 43.84 
0.06 0 0.07 0 7.72 8.79 9 52.63 
0.07 0 0.08 0 9 9.1 10.48 61.73 
0.08 0 0.09 0 10.48 9.15 12.21 70.87 
0.09 0 0.11 0 12.21 8.18 14.22 79.06 
0.11 0 0.13 0.01 14.22 6.84 16.57 85.89 
0.13 0.01 0.15 0.01 16.57 5.32 19.31 91.21 
0.15 0.02 0.17 0.04 19.31 3.82 22.49 95.03 
0.17 0.05 0.2 0.08 22.49 2.5 26.2 97.53 
0.2 0.09 0.23 0.17 26.2 1.46 30.53 98.99 
0.23 0.14 0.27 0.31 30.53 0.73 35.56 99.72 
0.27 0.19 0.31 0.5 35.56 0.28 41.43 100 
0.31 0.2 0.36 0.7 41.43 0 48.27 100 
0.36 0.19 0.42 0.89 48.27 0 56.23 100 
0.42 0.18 0.49 1.07 56.23 0 65.51 100 
0.49 0.18 0.58 1.25 66.51 0 76.32 100 
0.58 0.16 0.67 1.41 76.32 0 88.91 100 
0.67 0.18 0.78 1 1.59 88.91 0 103.58 100 
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0.78 0.22 0.91 1.81 103.58 0 120.67 100 
0.91 0.28 1.06 2.09 120.67 0 140.58 100 
1.06 0.37 1.24 2.46 140.58 0 163.77 100 
1.24 0.51 1.44 2.97 163.77 0 190.8 100 
1.44 0.7 1.68 3.67 190.8 0 222.28 100 
1.68 0.94 1.95 4.61 222.28 0 258.95 100 
1.95 1.29 2.28 5.91 258.95 0 301.68 100 
2.28 1.76 2.65 7.66 301.68 0 351.46 100 
2.65 2.36 3.09 10.02 351.46 0 409.45 100 
3.09 3.11 3.6 13.13 409.45 0 477.01 100 
3.6 4.02 4.19 17.15 477.01 0 555.71 100 
4.19 5.06 4.88 22.21 555.71 0 647.41 100 
6.19 5.69 28.4 647.1 0 754.23 100 
7.27 6.63 35.67 754.23 0 878.67 100 
A. 5.2 Nytal 400 
Sample ID 
Sample Notes 
Range Lens 
Sampler 
Presentation 
Dispersant R. I. 
Residual 
Distribution Type 
Density 
Mean Diameters 
D (v, 0.1) 
D [4,3] 
Span 
NytaI400 
Talc, dispersed and analysed in distilled water with I drop of coulter dispersant 
30ORF mm Beam Length 2.40 mm 
MS1 Obscuration 9.8% 
3PHD Particle R. 1 ( 1.5960,0.1000) 
1.33 Analysis Model Polydisperse 
0.417% Modifications None 
Volume Concentration 0.0054 %Vol 
2.400 g/ cub. cm Specific S. A. 0.7594 sq. m/g 
1.79 pm D (v, 0.5) 6.95 jim D (v, 0.9) 20.07 gm 
9.54 [im D [3,2] 3.29 pm 
2.63113+00 Uniformity 8.520 E-01 
Size Low 
ýtrn 
In% Size High 
[LM 
Undero/o Size Low 
Jim 
In% Size High 
Am 
UnderO/o 
0.06 0 0.06 0 6.63 6.78 7.72 54.71 
0.06 0 0.07 0 7.72 6.82 9 61.53 
0.07 0 0.08 0.01 9 6.67 10.48 68.2 
0.01 0.09 0.02 10.48 6.41 12.21 74.61 
0.02 0.11 0.04 12.21 5.7 14.22 80.31 
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0.11 0.04 0.13 0.07 14.22 4.86 16.57 85.17 
0.13 0.06 0.15 0.13 16.57 3.97 19.31 89.14 
0.15 0.09 0.17 0.22 19.31 3.12 22.48 92.26 
0.17 0.14 0.2 0.36 22.49 2.36 26.2 84.62 
0.2 0.19 0.23 0.55 26.2 1.74 30.53 96.36 
0.23 0.25 0.27 0.8 30.53 1.26 36.56 97.63 
0.27 0.3 0.31 1.11 35.56 0.91 41.43 98.54 
0.31 0.33 0.36 1.44 41.43 0.64 48.27 99.18 
0.36 0.35 0.42 1.79 48.27 0.44 56.23 99.61 
0.42 0.38 0.49 2.17 56.23 0.27 66.51 99.89 
0.48 0.42 0.58 2.6 65.51 0.11 76.32 100 
0.58 0.47 0.67 3.07 76.32 0 88.91 100 
0.67 0.56 0.78 3.62 88.91 0 103.58 100 
0.78 0.69 0.91 4.3 103.58 0 120.67 100 
0.91 0.85 1.06 5.16 120.67 0 -140.58 100 
1.06 1.06 1.24 6.22 140.58 0 163.77 100 
1.24 1.32 1.44 7.54 163.77 0 190.8 100 
1.44 1.64 1.68 9.18 190.8 0 222.28 100 
1.68 2.02 1.95 11.2 1 222.28 0 258.95 100 
1.96 2.49 2.28 13.7 258.95 0 301.68 100 
2.28 3.04 2.65 16.74 301.68 0 361.46 100 
2.65 3.65 3.09 20.39 361.46 0 409.45 100 
3.09 4.3 3.6 24.69 409.45 0 477.01 100 
3.6 4.96 4.19 29.64 477.01 0 555.71 100 
4.19 5.58 4.88 35.23 5.71 0 647.41 100 
4.88 6.14 5.68 41.37 647.41 0 754.23 100 
5.69 6.56 6.63 47.93 754.23 0 878.67 
A. 5.3 Microtal SF10 
Sample ID Micotal SF 10 
Sample Notes Talc, dispersed and analysed in distilled water with I drop of coulter dispersant 
Range Lens 30ORF mm Beam Length 2.40 mm 
Sampler 
, MS1 
Obscuration 10.6% 
Presentation 3PHD Particle R. I ( 1.5960,0.1000) 
Dispersant R. I. 1.33 Analysis Model Polydisperse 
Residual 0.324% Modifications None 
Distribution Type Volume Concentration 0.0058 %Vol 
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Density 2.400 g/ cub. cm Specific S. A. 
Mean Diameters 
D (v, 0.1) 2.20 gm D (v, 0.5) 5.85 gm 
0.6750 sq. m/g 
D (v, 0.9) 12.07 pm 
D [4,3] 6.59 gm D [3,2] 3.70 gm 
Span 1.689 E+00 Uniformity 5.263 E-01 
Size Low 
gm 
In % Size High 
Jim 
UnderO/o Size Low 
gm 
In% Size High 
gm 
Under% 
0.05 0 0.06 0 6.63 9.79 7.72 67.59 
0.06 0 0.07 0 7.72 9.02 9 76.61 
0.07 
10 
0.08 0 9 7.71 10.48 1 0 4 8 84.32 
0.08 0 0.09 0 10.48 6.08 12.21 1 2. 2 1 90.4 
0.09 0 0.11 0 12.21 4.4 14 22 94.8 
0.11 0.01 0.13 0.01 14.22 2.86 
J 
16.57 16.57 97.66 
0.13 0.01 0.15 0.02 16.57 1.61 19.31 19.31 99.27 
0.15 0.03 0.17 0.05 19.31 0.73 22.49 22.49 100 
0.17 0.06 0.2 0.1 22.49 0 26.2 100 
0.2 0.09 0.23 0.19 26.2 0 30.53 100 
0.23 0.14 0.27 0.32 30.53 0 35.56 100 
0.27 0.19 0.31 0.51 36.56 0 41.43 100 
0.31 0.21 0.36 0.72 41.43 0 48.27 100 
0.36 0.23 0.42 0.96 48.27 0 56.23 100 
0.42 0.25 0.49 1.2 56.23 0 65.51 100 
0.49 0.28 0.58 1.48 66.51 0 76.32 100 
0.58 0.29 0.67 1.78 76.32 0 88.91 100 
0.67 0.33 0.78 2.1 1 88.91 0 103.58 100 
0.78 0.41 0.91 2.51 103.58 0 120.67 100 
0.91 0.53 1.06 3.04 120.67 0 -140.58 100 
1.06 0.7 1.24 3.74 140.58 0 163.77 100 
1.24 0.98 1.44 4.72 163.77 0 190.8 100 
1.44 1.37 1.68 1 6.1 190.8 0 222.28 100 
1.68 1.91 1.95 8.01 222.28 0 258.96 100 
1.95 2.64 2.28 10.66 258.96 0 301.68 100 
2.28 3.56 2.66 14.21 301.68 0 351.46 100 
2.65 4.62 3.09 18.83 361.46 0 409.45 100 
3.09 5.77 3.6 24.6 409.45 0 477.01 100 
3.6 6.93 4.19 31.54 1 477.01 0 566.71 1 100 
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4.19 7.99 4.88 39.53 555.71 0 647.41 100 
4.88 8.85 5.69 48.37 647.41 0 754.23 too 
5.69 9.43 6.63 57.8 754.23 0 878.67 100 
A. 5.4 10MOOS 
Sample ID 10MOOS 
Sample Notes Talc, dispersed and analysed in distilled water with I drop of coulter dispersant 
Range Lens 30ORF mrn Beam Length 2.40 mm 
Sampler MS1 Obscuration 10.5% 
Presentation 3PHD Particle R. I ( 1.5960,0.1000) 
Dispersant R. I. 1.33 Analysis Model Polydisperse 
Residual 0.260% Modifications None 
Distribution Type Volume Concentration 0.0083 %Vol 
Density 2.400 g/ cub. cm Specific S. A. 0.4193 sq. m/g 
Mean Diameters 
" (v, 0.1) 3.22 gm D (v, 0.5) 7.89 gm D (v, 0.9) 16.03 [im 
" [4,3] 8.90 gm D [3,2] 5.96 gm 
Span 1.623 13+00 Uniformity 5.056 E-01 
Size Low 
RM 
In% Size High 
pm 
Under% Size Low 
pm 
In% Size High 
pm 
Unde Vo 
0.05 0 0.06 0 6.63 9.28 7.72 48.65 
0.06 10 0.07 
0 
1 
7.72 9.81 9 58.47 
0.07 0 0.06 0 9 10.08 10.48 68.54 
0.08 0 0.08 0 10.48 9.08 12.21 77.64 
0.09 0 0.11 0 12.21 7.62 14.22 85.26 
0.11 0 0.13 0 14.22 5.89 16.57 91.14 
0.13 0 0.15 0 16.57 4.16 19.31 95.3 
0.15 0 0.17 0 19.31 2.63 22.48 97.93 
0.17 0 0.2 0 22.49 1.44 26.2 99.37 
0.2 0 0.23 0 26.2 0.63 30.53 100 
0.23 0 0.27 0 30.53 0 36.56 100 
0.27 0 0.31 0 35.56 0 41.43 100 
0.31 0 0.36 0 41.43 0 48.27 100 
0.36 0 0.42 0 48.27 0 56.23 100 
0.42 0' 0.48 0 56.23 0 66.51 100 
0.49 0 0.58 0 66.51 0 76.32 100 
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0.58 0 0.67 0 76.32 0 88.91 100 
0.67 0.12 0.78 0.12 88.91 0 103.58 100 
0.78 0.16 0.91 0.28 103.58 0 120.67 100 
0.91 0.22 1.06 0.5 120.67 0 140.58 100 
1.06 0.31 1.24 0.81 140.58 0 163.77 100 
1.24 0.46 1.44 1.27 163.77 0 190.8 100 
1.44 0.68 1.68 1.96 190.8 0 222.28 100 
1.68 0.97 1.96 2.92 222.28 0 258.95 100 
1.95 1.41 2.28 4.33 258.96 0 301.68 100 
2.28 1.99 2.65 6.32 301.68 0 351.46 100 
2.65 2.76 3.09 9.08 361.46 0 40i. 45 100 
3.09 3.7 3.6 12.77 409.45 0 477.01 100 
3.6 4.81 4.19 17.58 477.01 0 5.71 100 
4.19 1 6.06 4.88 23.63 566.71 0 647.41 100 
4.88 7.31 5.69 30.94 647.41 0 754.23 100 
5.69 8.44 1 6.63 39.38 754.23 0 878.67 100 
A. 5.5 20MOOS 
Sample ID 20MOOS 
Sample Notes Talc, dispersed and analysed in distilled water with I drop of coulter dispersant 
Range Lens 30ORF mm Beam Length 2.40 mm 
Sampler MS1 Obscuration 11.6% 
Presentation 3PHD Particle R. I ( 1.5960,0.1000) 
Dispersant R. I. 1.33 Analysis Model Polydisperse 
Residual 0.243% Modifications None 
Distribution Type Volume Concentration 0.0 104 %Vol 
Density 2.400 g/ cub. cm Specific S. A. 0.4094 sq. m/g 
Mean Diameters 
D (v, 0.1) 3.52 lim D (v, 0.5) 9.72 gm D (v, 0.9) 21.19 pn 
D [4,3] 11.28 Rm D [3,2] 6.11 jim 
Span 1.817 E+00 Uniformity 5.658 E-01 
Size Low 
ýlrn 
In% Size High 
Jim 
Underl/o Size Low 
Jim 
In% Size High 
pm 
UnderO/o 
0.06 0 0.06 0 6.63 7.4 7.72 37.42 
0.06 0 0.07 0 7.72 8.19 9 45.61 
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0.07 0 0.08 0 9 8.7 10.48 54.31 
0.08 0 0.09 0 10.48 8.9 12.21 63.21 
0.09 0 0.11 0 1221 8.9 14.22 72.11 
0.11 0 0.13 0 14.22 7.95 16.57 80.06 
0.13 0 0.15 0 16.57 6.64 19.31 86.69 
0.15 0.01 0.17 0.01 19.31 5.14 22.48 91.84 
0.17 0.02 0.2 0.03 22.48 3.67 26.2 95.5 
0.2 0.05 0.23 0.08 26.2 2.37 30.53 97.87 
0.23 0.09 0.27 0.17 30.53 1.34 36.56 99.22 
0.27 0.12 0.31 0.29 36.56 0.62 41.43 99.83 
0.31 0.12 0.36 0.41 41.43 0.17 48.27 100 
0.36 0.11 0.42 0.52 48.27 0 56.23 100 
0.42 0.09 0.48 0.61 56.23 0 65.51 100 
0.49 0.06 0.58 0.69 66.51 0 76.32 100 
0.58 0.07 0.67 0.75 76.32 0 88.91 100 
0.67 0.07 0.78 0.83 88.91 0 103.58 100 
0.78 0.12 0.97 0.96 103.58 0 120.67 100 
0.91 0.18 1.06 1.12 120.67 0 140.58 100 
1.06 0.26 1.24 1.38 140.58 0 163.77 100 
1.24 0.39 1.44 1.77 163.77 0 190.8 100 
1.44 0.56 1.68 2.34 190.8 0 222.28 100 
1.65 0.79 1.96 3.12 222.28 0 258.96 100 
1.96 1.1 2.28 4.22 258.96 0 301.68 100 
2.28 1.51 2.65 5.73 301.68 0 351.46 100 
2.66 2.02 3.09 7.75 351.46 0 409.45 100 
3.09 2.66 3.6 10.41 409.45 0 477.01 100 
3.6 3.44 4.19 13.86 477.01 0 566.71 100 
4.19 4.36 4.88 18.21 566.71 0 647.41 100 
4.88 5.38 5.69 23. 647.41 0 754.23 100 
5.69 6.43 6.63 30.03 754.23 0 878.67 100 
A. 5.6 OOS 
Sample ID 00S 
Sample Notes Talc, dispersed and analysed in distilled water with I drop of coulter dispersant 
Range Lens 30ORF mm Beam Length 2.40 mm 
Sampler MSI Obscuration 9.9% 
Presentation 3PHD Particle R. I ( 1.5960,0.1000) 
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Dispersant R. I. 
Residual 
Distribution Type 
Density 
Mean Diameters 
D (v, 0.1) 
D [4,3] 
Span 
1.33 Analysis Model Polydisperse 
0.279% Modifications None 
Volume Concentration 0.0132 %Vol 
2.400 g/ cub. cm Specific S. A. 0.2501 sq. rn /g 
4.57 gm D (v, 0.5) 17.11 tim 
22.26 gm D [3,21 
2.503 E+00 Uniformity 
D (v, 0.9) 47.40 pm 
10.00 pm 
7.830 E-0 I 
Size Low 
Jim 
In% Size High 
tim 
Under% Size Low 
pm 
In% Size High 
gm 
Underl/o 
0.05 0 0.06 0 6.63 4.06 7.72 21.74 
0.06 
10 
0.07 0 7.72 4.56 9 26.3 
0.07 0 0.08 0 9 5.03 10.48 31.34 
0.08 0 0.09 0 10.48 5.45 12.21 36.78 
0.09 0 0.11 0 12.21 5.81 14.22 42.99 
0.11 0 0.13 0 14.22 6.1 16.57 48.69 
0.13 0 0.15 0 16.57 6.31 19.31 56 
0.15 0 0.17 0 19.31 6.47 22.49 61.47 
0.17 0 0.2 0 22.48 6.58 26.2 68.06 
0.2 0 0.23 0 26.2 6.4 30.53 74.45 
0.23 0 0.27 0 30.53 6.02 36.56 80.47 
0.27 0 0.31 0 35.56 5.42 41.43 85.89 
0.31 0 0.36 0 41.43 4.61 48.27 90.5 
0.36 0 0.42 0 48.27 3.66 56.23 94.15 
0.42 0 0.48 0 56.23 2.64 66.51 96.79 
0.48 0 0.58 0 66.51 1.7 76.32 98.5 
0.58 0 0.67 0 76.32 0.96 88.91 99.44 
0.67 0.06 0.78 0.06 88.91 0.42 103.58 99.87 
0.78 0.1 0.91 0.16 103.58 0.13 120.67 100 
0.91 0.14 1.06 0.3 120.67 0 140.58 100 
1.06 0.21 1.24 0.51 140.58 0 163.77 100 
1.24 0.3 1.44 0.81 163.77 0 190.8 100 
1.44 0.42 1.68 1.23 190.8 0 222.28 100 
1.68 0.57 1.96 1.8 222.28 0 258.96 100 
1.96 0.77 2.28 2.57 258.96 0 301.68 100 
2.28 1.01 2.66 3.99 301.68 0 351.46 100 
2.65 1.31 3.09 4.9 361.46 0 409.45 100 
333 
Appendices 
3.09 1.66 3.6 6.56 409.45 0 477.01 100 
3.6 2.06 4.19 8.62 477.01 0 566.71 100 
4.19 2.52 4.88 11.14 566.71 0 647.41 100 
4.88 3.02 5.69 14.15 647.41 0 754.23 100 
5.69 3.54 6.63 17.69 754.23 0 878.67 
A. 5.7 Ash SamPle M-15 
Sample ID 
Presentation 
Obscuration 
Residual 
Distribution Type 
Density 
Mean Diameters 
D (v, 0.1) 
Mode 
M- 15 Ash sample 
20HD 
23.25% 
0.392% 
Volume 
2.00 g/ cub. cm. 
2.79 ýtm D (v, 0.5) 8.21 ýLm D (v, 0.9) 18.67 pm 
9.51 pm D [3,2] 4.67 pm 
Focus 45 mm 
AnalYsis Model Polydisperse 
Span 1.93 
Concentration 0.019 %Vol 
Specific S. A. 0.5139 sq. m/g 
Size (Lo) Result In Size (Hi) Result Size (Lo) Result In Size (Hi) Result 
gm % RM Below% Jim % Jim Below% 
0.05 0.01 0.12 0.01 2.83 4.46 3.49 14.71 
0.12 0.12 0.15 0.13 3.49 5.99 4.3 20.7 
0.15 1 0.21 0.19 0.34 
4.3 7.74 5.29 28.44 
0.19 0.27 0.23 0.61 5.29 9.49 6.52 37.93 
0.23 0 0.28 0.61 6.52 10.93 8.04 48.87 
0.28 0 0.35 0.61 8.04 11.68 9.91 60.55 
0.35 0 0.43 0.62 9.91 11.43 12.21 71.98 
0.43 0.24 0.53 0.86 12.21 10.05 15.04 82.04 
0.53 0.22 0.65 1.08 15.04 7.76 18.54 89.79 
0.65 0.24 0.81 1.32 
4 
18.54 5.15 22.84 94.94 
0.81 0.36 1 168 22.84 2.97 28.15 97.91 
1 0.6 1.23 2.28 28.15 1.45 34.69 99.35 
1.23 1 1.51 3.28 34.69 0.56 42.75 99.92 
1.51 1.54 1.86 4.81 42.75 0.08 52.68 100 
1.86 2.25 2.3 7.07 52.68 0 64.92 100 
2.3 3.19 1 2.83 10.26 64.92 0 80 100 
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A. 6 BETsurfacearea 
A. 6.1 Finntalc M15 
Sample Weight 1.2851 g Analysis Bath 77.35 K 
Warm Freespace 116.4491 CM3 Thermal Correction No 
Equil. Interval 10 secs Smoothed Pressures No 
Analysis Adsorptive N2 Cold Freespace 51.6673 CM3 
Low Pressure Dose None 
BET Surface Area 4.7696 ± 0.0539 In 
2/g 
Slope 0.913900 ± 0.010230 
Y-Intercept 0.002712 ± 0.00 13 82 
C -757.893111 
VM 1.095655 CM3/g STP 
Correlation Coefficient 1.0013+00 
Molecular Cross-section: 0.162 nm 2 
Relative Pressure Vol. Adsorbed 1/[VA*(Po/P - 1)] (CM3/g STP) 
0.0662739 1.1787 0.060216 
0.0801379 1.2091 . 0.072056 
0.1204914 1.2689 0.10797 
0.1604097 1.3235 0.144358 
0.2006293 1.3696 0.183255 
A. 6.2 Nytal-400 
Sample Weight 1.1305g Analysis Bath 77.35 K 
Warm Freespace 16.4688CM3 Thermal Correction No 
Equil. Interval 10 secs Smoothed Pressures No 
Analysis Adsorptive N2 Cold Freespace 51.6972CM3 
Low Pressure Dose None 
BET Surface Area 23.3018 :h0.2691 In 2/g 
Slope 0.187165 ± 0.002138 
Y-Intercept -0.000347 ± 0.00289 
C -538.956895 
VM 5.352792 CM3/g STP 
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Correlation Coefficient 
Molecular Cross-section: 
Relative Pressure 
0.0633086 
0.0796862 
0.120768 
0.1610859 
0.2015552 
1. OOE+00 
0.162 nM2 
Vol. Adsorbed 
5.7847 
5.9383 
6.2366 
6.4851 
6.7119 
A. 6.3 Microtal SF 10 
Sample Weight 
Warm Freespace 
Equil. Interval 
Analysis Adsorptive 
BET Surface Area 
Slope 
Y-Intercept 
C 
vM 
Correlation Coefficient 
Molecular Cross-section: 
Relative Pressure 
0.058985665 
0.080002759 
0.120314217 
0.160336277 
0.200461703 
0.8348 g 
16.1865 CM3 
10 secs 
N2 
1/[VA*(Po/P - 1)] (cm3/g STP) 
0.011684 
0.014581 
0.022024 
0.029609 
0.03761 
4.9527 0.0434 
0.87624 0.007632 
0.002712 0.001025 
324.10651 
1.137719 CM3/g STP 
I. OOE+00 
0.162 nm 2 
Analysis Bath 
Thermal Correction 
Smoothed Pressures 
Cold Freespace 
Low Pressure Dose 
M2/g 
Vol. Adsorbed 1/[VA*(Po/P - 1)] (CM3/g STP) 
1.1386 0.055051 
1.1941 0.072823 
1.2744 0.107324 
1.3401 0.142494 
1.3989 0.179224 
A. 6.4 Luzenac IOMOOS 
77.35 K 
No 
No 
50.8730 CM3 
None 
Sample Weight 0.9602g Analysis Bath 77.35 K 
Warm Freespace 16.0210 CM3 Thermal Correction No 
Equil. Interval 10 secs Smoothed Pressures No 
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Analysis Adsorptive 
BET Surface Area 
Slope 
Y-Intercept 
C 
vM 
Correlation Coefficient 
Molecular Cross-section: 
Relative Pressure 
0.05926182 
0.08011728 
0.12046222 
0.16053812 
0.2006209 
N2 
3.7916 ± 0.0678 
1.152915 ± 0.020360 
-0.004801 -L 0.002739 
-239.150677 
0.870993 CM3/g STP 
I. OOE+00 
0.162 nm 2 
Vol. Adsorbed 
0.9622 
0.9974 
1.0385 
1.0709 
1.0973 
A. 6.5 Luzenac 20MOOS 
Sample Weight 1.1949 g 
Warm Freespace 16.0830 CM3 
Equil. Interval 10 secs 
Analysis Adsorptive, N2 
BET Surface Area 
Slope 
Y-Intercept 
C 
vM 
Correlation Coefficient 
Molecular Cross-section: 
Analysis Bath 
Thermal Correction 
Smoothed Pressures 
Cold Freespace 
Low Pressure Dose 
3.8148 0.0365 M2/g 
1.139264 0.010808 
0.001856 0.001451 
614.686565 
0.876332 cm3/g STP 
I. OOE+00 
0.162 nm 2 
Relative Pressure Vol. Adsorbed 
0.0574635 0.8921 
0.079974 0.937 
0.1204323 0.9916 
Cold Freespace 50.8415 CM3 
Low Pressure Dose None 
m2/g 
1/[VA*(Po/P - 1)] (cm3/g STP) 
0.065471 
0.087319 
0.131877 
0.178572 
0.228717 
1/[VA*(Po/P - 1)] (cmý/g STP) 
0.068345 
0.092766 
0.138079 
77.35 K 
No 
No 
49.3760 cm3 
None 
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0.1604295 
0.2005163 
1.0411 0.183549 
1.0832 0.231538 
A. 6.6 OOS 
Sample Weight 
Warm Freespace 
Equil. Interval 
Analysis Adsorptive 
1.2851 g 
15.8984 CM3 
10 secs 
N2 
Analysis Bath 77.35 K 
Thermal Correction No 
Smoothed Pressures No 
Cold Freespace 49.6152 CM3 
Low Pressure Dose None 
BET Surface Area 
Slope 
Y-Intercept 
C 
vM 
Correlation Coefficient 
Molecular Cross-section: 
Relative Pressure 
0.06139761 
0.08018043 
0.12048607 
0.16038779 
0.20048475 
2.3342 0.0334 
1.869654 0.026462 
-0.004677 0.003563 
-398.760885 
0.536200 CM3/g STP 
I. OOE+00 
0.162 nM2 
2/g 
Vol. Adsorbed 1/[VA*(Po/P - 1)] (CM3/g STP) 
0.581 0.11259 
0.6018 0.144847 
0.6279 0.218162 
0.6528 0.292612 
0.6721 0.373081 
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A. 7 Compounding data 
Specific energy values can be calculated from the recorded torque (using equation A. 7-1) during 
compounding process: 
U= 
P. NM 
(A. 7-1) 
Q. N. 100 
Where 
U= Specific energy (kWhr/kg) 
P. = Maximum motor power (7.5 kW) 
N= Actual screw speed (rpm) 
N. = Maximum screw speed (500 rpm) 
M= Actual torque (%) 
Q. = Mass output rate (kg/hr) 
The actual screw speed was set at 250 rpm 
Mass output rate was set at 8 kg/hour 
Table A. 7-1 Compounding data and calculated specific energy values. 
Compound Die pressure 
20 
Torque 
:k5 
% 
Specific 
energy 
(kWhr/kg) 
PPLY 6100 Unfilled 190 30 0.14 
Adstif T2 10 1F Unfilled 210 48 0.23 
PPLY6 100 + 10 % uncoated Fintalc M- 15 185 41 0.19 
PPLY6100 + 20 % uncoated Fintalc M- 15 178 48 0.22 
PPLY6100 + 40 % uncoated Fintalc M- 15 163 41 0.19 
PPLY6100 + 60 % uncoated Fintalc M- 15 180 44 0.21 
PPLY6 100 + 10 %uncoated Talc Nytall-400 250 1 49 0.23 
PPLY6100 + 20 % uncoated Talc Nytall-400 255 53 0.25 
PPLY6100 + 60 % uncoated Talc NytaII400 273 25 0.12 
PPLY6 100 + 10 % uncoated Talc SF- 10 260 50 0.23 
PPLY6100 + 20 % uncoated Talc SF- 10 260 45 0.21 
PPLY6100 + 60 % uncoated Talc SF- 10 198 26 0.12 
PPLY6 100 + 10 % uncoated Luzenac Talc I OMOOS 178 48 1 0.22 
PPLY6100 + 20 % uncoated Luzenac Talc 10MOOS 178 45 0.21 
PPLY6100 + 60 %uncoated Luzenac Talc I OMOOS 150 25 0.12 
PPLY6 100 + 10 %uncoated Luzenac Talc 20MOOS 343 51 0.24 
PPLY6100 + 20 % uncoated Luzenac Talc 20MOOS 340 45 0.21 
PPLY6100 + 60 % uncoated Luzenac Talc 20MOOS 298 33 0.15 
PPLY6 100 + 10 %uncoated Luzenac Talc OOS 180 48 0.22 
PPLY6100 + 20 % uncoated Luzenac Talc OOS 170 45 0.21 
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PPLY6100 + 60 % uncoated Luzenac Talc OOS 114 29 0.13 
AdstifF 2 10 1F+ 10 % uncoated Fintalc M- 15 200 53 0.25 
AdstifT2101F +20 %uncoated Fintalc M-15 185 49 0.23 
Adstif T2 10 1F+ 40 % uncoated Fintalc M- 15 170 33 0.15 
Adstif T2 10 1F+ 60 % uncoated Fintalc M- 15 140 25 0.12 
PPLY6100 + 40 % uncoated Talc SF- 10 230 40 0.19 
PPLY6100 + 40 % Talc SF- 10 +A 1100 2% coated ISO 35 0.16 
PPLY6100 + 40 % uncoated Talc SF-10 + 5% Polybond 220 43 0.20 
PPLY6100 + 40 % Talc SF- 10 +A 1100 2%coated + 5% Polybond 210 40 0.19 
PPLY6100 + 40 % Talc SF- 10 +A 13 71% coated 210 38 0.18 
PPLY6100 + 40 % Talc SF-10 + A137 2% coated 200 36 0.17 
PPLY6100 + 40 % Talc SF- 10 +A 137 5% coated 200 33 0.15 
PPLY6100 + 40 % Talc SF-10 + A137 10% coated 190 30 0.14 
PPLY6100 + 40 % Talc SF-10 + A137 2% coated + wax 1% 200 30 0.14 
PPLY6100 + 40 % Talc SF- 10 +A 13 7 2% coated + wax 2% 180 30 1 0.14 
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A. 8 RheologicalAnalysis of Compounds 
APPARENT SHEAR RATE 
The 'apparent' shear rate at the wall is calculated by the use of equation A. 8-1 and A. M. The 
calculation procedure is as follow: 
The apparent shear rate at wall of the capillary for each ram velocity is given by 
4Q (A. 8-1) Y' (7rR 3) 
4V 
Therefore Ya =- (A. 8-2) R 
Where V= the average velocity of the melt flowing through the capillary die 
Q= the volumetric output rate of the capillary die. 
R= Capillary radius 
The velocity (V) is calculated from the ram velocity (V), assuming that the melt is incompressible and 
that the volurnetric output rate (Q) of the capillary die is equal to the volumetric displacement rate of 
the ram. 
Qý Qbarrel (A. 8-3)_ 
And Qcapillary ý Qbarrel (A. 84) 
Therefore V x; rR 2=V, x irRb2 (A. 8-5) 
V=V, x 
(Rb2IR 2) (A. 8-6) 
Where R= capillary radius (known) 
Rb = Barrel radius (9.6 mm) 
Note: V, should be in mm/s, to obtain apparent shear rate in s"I. 
SHEAR STRESS 
Shear stress is calculated from equation A. 8-7 
'rw = 
AP x Rd,, (A. 8-7) 
2L 
where AP = Pressure, measured just above the die via a transducer 
L= Length of the capillary (known) 
SHEAR FLOW CURVE 
Plot of log rW versus log Y,, or plot of log versus log ya 
Where Time = true shear stress calculated using Bagley's correction 
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A. 9 ShearFlowdata 
Table A. 9-1 True Shear stress and shear rate for unfilled PPI and PP2. 
Shear Rate (s") True Shear Stress (kPa) 
PPI PP2 
99 47 52 
149 58 58 
248 70 69 
447 72 76 
695 90 85 
894 97 95 
1043 102 97 
1242 104 103 
1391 109 106 
Table A. 9-2 True Shear stress and shear rate for T1 filled PP1 compounds 
(nominal loading of 10%, 20%, 40 and 60%). 
Shear Rate (s') True Shear Stress (kPa) True Shear Stress (kPa) 
PPI-IOTI PPI-20TI PPI40TI PPI-60TI 
99 45 47 45 65 
149 53 61 59 81 
248 67 74 74 97 
447 78 82 87 112 
695 86 93 99 122 
894 95 99 109 127 
1043 97 103 113 134 
1242 101 108 123 137 
1391 106 111 126 169 
2583 124 132 144 181 
3924 136 143 160 198 
5265 1 158 1 
158 
1 176 199 
Table A. 9-3 True Shear stress and shear rate for T1 filled PP2 compounds 
(nominal loading of 10%, 20%, 40% and 60%). 
Shear Rate (s") True Shear Stress (kPa) True Shear Stress (kPa) 
PP2-IOTI PP2-20TI PP240TI PP2-60TI 
99 58 47 42 47 
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149 71 58 57 67 
248 81 73 75 86 
447 92 85 99 99 
695 98 94 86 116 
894 103 102 106 125 
1043 109 108 110 133 
1242 113 108 117 139 
1391 133 116 119 142 
2583 148 139 142 172 
3924 158 162 168 201 
5265 172 196 221 
Table A. 9-4 True Shear stress and shear rate for T2 filled PPI (nominal loading 
of 10,20,60%). 
Shear Rate (s") True Shear Stress (kPa) 
PPI-IOT2 PPI-2OT2 PPI-6OT2 
99 51 50 59 
149 64 63 80 
248 81 78 99 
447 93 91 117 
695 105 102 133 
894 111 112 146 
1043 116 117 153 
1242 119 121 167 
1391 122 123 171 
1589 124 127 176 
1788 125 132 178 
2086 129 137 190 
2334 132 141 196 
2583 137 145 205 
3328 141 156 225 
Table A. 9-5 True Shear stress and shear rate for T3 filled PP1 (nominal loading 
of 10,20,40 and 60%). 
Shear Rate (s") True Shear Stress (kPa) 
PPI-IOT3 PP 1-20T3 PP14OT3 PPI-6OT3 
99 45 47 56 56 
149 59 62 61 88 
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248 73 77 78 101 
447 86 90 96 120 
695 97 102 109 137 
894 105 111 115 148 
1043 109 113 122 165 
1242 112 118 127 167 
1391 116 121 131 170 
1589 121 127 133 181 
1788 124 131 135 183 
2086 128 136 145 194 
2334 133 147 148 205 
2583 134 152 154 212 
Table A. 9-6 True Shear stress and shear rate for T4 filled PP1 (nominal loading 
of 10,20,60%). 
Shear Rate (s") True Shear Stress (kPa) 
PPI-IOT4 PPI-2OT4 PPI-6OT4 
99 47 43 52 
149 61 61 71 
248 74 79 90 
447 87 91 105 
695 97 102 119 
894 106 112 133 
1043 113 114 136 
1242 115 121 143 
1391 119 124 146 
1589 122 128 149 
1788 124 132 156 
2086 131 139 162 
2334 136 140 167 
2583 149 147 178 
3328 -1 184 
Table A. 9-7 True Shear stress and shear rate for T5 filled PP1 (nominal loading 
of 10,20,60%). 
Shear Rate (s") True Shear Stress (kPa) 
PPI-IOT5 PPI-2OT5 PI-6OT5 
99 50 48 53 
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149 63 60 67 
248 78 74 82 
447 87 90 101 
695 97 101 116 
894 106 110 125 
1043 109 111 127 
1242. 115 115 134 
1391 118 119 142 
1589 121 127 144 
1788 123 130 152 
2086 130 137 162 
2334 130 141 163 
2583 133 145 165 
7 3328 139 153 7- 
7 
Table A. 9-8 True Shear stress and shear rate for T5 filled PP1 (nominal loading 
of 10,20,60%). 
Shear Rate (s") True Shear Stress (kPa) 
PPI-IOT6 PP 1 -20T6 PP 1-60T6 
99 53 46 63 
149 64 71 70 
248 78 78 93 
447 92 91 116 
695 101 105 130 
894 110 110 140 
1043 113 117 147 
1242 120 122 154 
1391 122 125 160 
1589 125 127 178 
1788 129 130 184 
2086 139 137 188 
2334 142 139 220 
2583 153 145 250 
3328 157 153 275 
- 162 - 
Table A. 9-9 Shear rate and true shear stress for PPI filled with 40-weight 
percent of coated talc T3. 
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Shear Rate (s") True Shear Stress (kPa) 
PPI-4OT3-IC3 PPI-4OT3-2C3 PPI-4OT3-5C3 PPI-4OT3-IOC3 
99 61 52 52 49 
149 64 59 60 55 
248 85 78 64 74 
447 105 96 100 92 
695 118 114 116 106 
894 126 121 123 113 
1043 131 124 129 115 
1242 137 129 135 120 
1391 140 134 136 124 
1589 
. 
143 134 139 127 
1788 144 141 140 129 
2086 150 148 146 135 
2334 154 152 153 141 
2583 158 166 158 140 
3328 169 179 178 152 
3924 184 187 202 159 
5265 204 208 255 169 
Table A. 9-10 Shear rate and true shear stress for PP1 filled with 40-weight 
percent of coated talc T3 (Effect of lubricant). 
Shear Rate (s'l) True Shear Stress (kPa) 
PP14OT3-2C3-IC4 PPI-4OT3-2C3-2C4 
99 63 53 
149 65 60 
248 85 80 
447 101 96 
695 115 114 
894 126 120 
1043 130 127 
1242, 134 129 
1391 137 134 
1589 140 135 
1788 142 139 
2086 151 143 
2334 158 146 
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2583 163 159 
3328 173 169 
3924 186 174 
5265 184 195 
Table A. 9-11 Shear rate and true shear stress for PPI filled with 40-weight 
percent of coated talc T3 with different coupling agent (Effect of coupling agent). 
Shear Rate (s-1) True Shear'Stress (kPa) 
PPI-4OT3-Cl PPI-4OT3-C2 PPI-4OT3-Cl-C2 
99 60 55 64 
149 63 63 69 
248 81 81 90 
447 99 98 108 
695 113 113 121 
894 119 119 129 
1043 126 123 134 
1242 132 130 141 
1391 134 140 145 
1589 137 143 147 
1788 139 146 152 
2086 144 146 156 
2334 150 153 162 
2583 156 157 168 
3328 177 168 189 
3924 186 178 194 
5265 197 207 
Table A. 9-12 True shear viscosity for the compounds at shear rate of 103 S-1. 
Compounds Filler volume fraction Shear viscosity 
PPI 0.00 95 
PPMOTI 0.03 95 
PPI-20TI 0.07 101 
PPI-60TI 0.25 135 
PPMOT2 0.04 109 
PPI-2OT2 0.07 112 
PPI-6OT2 0.22 150 
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PPI-IOT3 0.02 105 
PP 1-20T3 0.07 111 
PP 1 -60T3 0.28 154 
PPI-IOT4 0.03 107 
PP 1-20T4 0.07 111 
PPI-6OT4 0.23 130 
PPI-IOT5 0.03 106 
PPI-2OT5 0.07 109 
PP 1 -60T5 0.21 2.05 
PPI-IOT6 0.04 112 
PPI-2OT6 0.07 112 
PPI-6OT6 0.31 152 
Table A. 9-13 Relative shear viscosity for the compounds at shear stress of 100 
kPa. 
Compounds Filler volume fraction 
Y 
Relative shear viscosity 
Actual 
Relative viscosity 
Theory 
PPI 0.00 1.00 1.00 
PPMOTI '0.03 0.88 1.14 
PPI-20TI 0.07 1.07 1.39 
PPI-60TI 0.25 3.04 4.50 
PPMOT2 0.04 1.42 1.17 
PP 1-2072 0.07 1.48 1.38 
PPI-60T'2 0.22 3.27 3.37 
PPMOT3 0.02 1.21 1.13 
PPI-2OT3 0.07 1.45 1.46 
PPI-6OT3 0.28 3.46 8.60 
PPI-IOT4 0.03 1.30 1.17 
PP 1-20T4 0.07 1.42 1.44 
PPI-6OT4 0.23 2.29 4.50 
PPMOT5 0.03 1.27 1.15 
PPI-2OT5 0.07 1.36 1.37 
PP 1 -60T5 0.21 2.05 3.49 
PPI-IOT6 0.04 1.51 1.16 
PP 1 -20T6 0.07 1 1.50 1 1.36 
ýPPI-6OT6 
0.31 1 2.99 1 6.82 
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A. 10 Wallslip analysis 
The flow curves were generated from the data obtained with dies of constant UD ratio. After the flow 
curves, the wall slip graphs are generated by plotting the shear rate against I/die radius, for constant 
shear stress values, as measured from flow curves. The wall slip can then calculated as the slope of the 
constant shear stress line, divided by 4. The raw data for wall slip analysis for each compound is shown 
in Table A. 10-1 to Table A. 10-27 along with slip velocity. 
Table A. 10-1 Wall slip data for unfilled PP1. 
Shear stress 
(kPa) 
Shear rate (s-1) Slip velocity 
mm/s 
I/R = 1.0 I/R= 1.1 I/R = 1.3 1/11 = 1.5 1/11 = 2.0 I/R = 2.5 
100 326 363 254 305 327 333 2 
140 769 872 629 728 840 869 1 
18 
180 - 1 1238 1394 1700 1778 
113 
200 - 1643 1830 2285 2401 
160 
220 - 2124 2341 2985 3149 
219 
235 - 2536 1 2775 3592 3800 
272 
250 - - 3257 4273 4532 
329 
265 3786 5031 5351 403 
280 4365 5871 6259 488 
Table A. 10-2 Wall slip data for 10% T1 filled PP1(PPI-lOT1). 
Shear stress 
(kPa) 
Shear rate (s") Slip velocity 
mm/s 
I/R=1.0 I/R=I. l I/R=1.3 I/R=1.5 I/R=2.0 I/R=2.5 
180 1642 1752 1836 1805 2018 1810 7 
200 2428 2396 2732 2483 27 
220 3095 3592 3306 52 
235 3695 4342 4029 84 
250 4363 5186 4852 123 
265 5103 
1 
6131 5779 171 
280 5916 1 7182 6817 228 
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Table A. 10-3 Wall slip data for 20% TI filled PPI(PPI-20TI). 
Shear stress 
(kPa) 
Shear rate (s") Slip velocity 
mm/s 
I/R = 1.0 I/R= 1.1 I/R = 1.3 I/R = 1.5 I/R - 2.0 I/R - 2.5 
180 1733 1607 1681 1595 1907 2079 69 
200 - - 2195 2080 2548 2739 124 
220 2645 3311 3516 225 
235 3123 3970 4179 272 
250 3650 4707 4913 325 
265 4228 5525 5723 385 
280 4857 6429__ 6611 451 
Table A. 10-4 Wall sIip data for 60% T1 filled PPl(PPl-60TI). 
Shear stress 
(kPa) 
Shear rate (s") Slip velocity 
mnils 
I/R = 1.0 1/11 = 1.1 I/R = 1.3 I/R = 1.5 l/R = 2.0 1/11 = 2.5 
180 1096 1102 1031 1084 1121 1256 26 
200 1441 1452 1372 1437 1487 1605 28 
220 1776 1853 1919 2005 43 
235 2124 2209 2290 2337 41 
250 - 2606 2702 2700 24 
265 3045 3158 3093 12 
280 1 1660 1 3516 4 
Table A. 10-5 Wall slip data for 10% T2 filled PPI(PP1-1OT2). 
Shear stress 
(kPa) 
Shear rate (s") Slip velocity 
mm/s 
I/R = 1.0 I/R = 1.1 I/R = 1.3 1 /R = 1.5 1/11 = 2.0 I/R - 2.5 
180 1636 1866 2011 1795 1894 2098 47 
200 2680 2421 2564 2845 46 
220 3174 3373 3748 150 
235 3829 4077 4536 185 
250 4564 4871 5424 220 
265 5386 5759 6420 270 
280 6299 6747 7528 321 
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Table A. 10-6 Wall slip data for 20% T2 filled PP1(PPI-2OT2). 
Shear stress 
(kPa) 
Shear rate (s") Slip velocity 
mm/s 
I/R= 1.0 I/R= 1.1 I/R = 1.3 I/R= 1.5 1/11 
ý 2.0 1/11 = 2.5 
180 1504 1618 1613 1626 1744 1816 44 
200 - - 2136 2172 2355 2440 63 
220 2821 3091 3186 94 
235 3381 3731 3833 117 
250 4006 4451 4558 142 
265 4701 5255 5366 171 
5468 6149 6260 204 
Table A. 10-7 Wall slip data for 60% T2 filled PPI (PP1-60T2). 
Shear stress 
(kPa) 
Shear rate (s") Slip velocity 
mm/s 
1/11 = 1.0 I/R = 1.1 1 /R = 1.3 I/R = 1.5 IIR = 2.0 I/R = 2.5 
180 972 1037 928 933 1044 1078 17 
200 1299 1388 1241 1246 1354 1383 12 
220 - - 1613 1 1618 1711 1733 26 
235 1934 1940 2013 2025 20 
250 2299 2344 2344 11 
265 2698 2705 2690 
280 3139 3098 3063 
Table A. 10-8 Wall slip data for 10% T3 filled PP1 (PP-1OT3). 
Shear stress 
(kPa) 
Shear rate (s") Slip velocity 
mm/s 
I/R = 1.0 I/R= 1.1 I/R = 1.3 IIR = 1.5 1/11 = 2.0 1/11 = 2.5 
180 1659 1960 1786 1741 2040 1900 31 
200 2356 2297 2754 2571 65 
220 1 2950 3613 3380 109 
235 3508 4359 4084 146 
250 4128 5199 4878 190 
265 4811 6138 5766 
' 
242 
280 5559 7179 6752 303 
351 
Appendices 
Table A. 10-9 Wall slip data for 20% T3 filled PPI (PP1-20T3). 
Shear stress 
(kPa) 
Shear rate (s") Slip velocity 
mm/s 
I/R 1.0 I/R= 1.1 I/R 1.3 I/R = 1.5 I/R 2.0 I/R = 2.5 
ISO 1613 1558 1713 1582 1683 1723 18 
200 2226 2054 2166 2267 17 
220 2601 2720 2905 79 
235 3063 3185 3449 101 
250 3571 3694 4051 126 
265 41251 42461 4714 154 
280 - T 47281 48441 54401 187 
Table A. 10-10 Wall slip data for 60% T3 filled PPI (PP1-60T3). 
Shear stress 
(kPa) 
Shear rate (s") Slip velocity 
mm/s 
I/R = 1.0 I/R = 1.1 I/R = 1.3 I/R = 1.5 I/R = 2.0 I/R = 2.5 
180 881 973 940 935 924 982 7 
200 1159 1276 1238 1236 1203 1287 8 
220 1 1590 1591 1529 1644 7 
235 1890 1895 1804 1948 6 
250 1 2232 2107 2283 14 
265 2605 2439 1 2651 13 
280 3014 2801 1 3054 12 
Table A. 10-11 Wall slip data for 10% T4 filled PP1 (PPI-IOT4). 
Shear stress 
(kPa) 
Shear rate (s") Slip velocity 
mm/s 
1/11 = 1.0 I/R = 1.1 l/R = 1.3 I/R = 1.5 I/R = 2.0 1/11 = 2.5 
180 1649.27 1782.45 1621.59 1591.15 1648.55 1916.49 28 
200 2125.30 2097.87 2174.02 2576.55 86 
220 2693.97 2792.31 3367.53 177 
235 3203.00 3320.37 4052.98 223 
250 3767.64 3906.20 4822.35 277 
265 4 90.07 1 4552-07 1 5679.92 339 
280 5072.44 ; 5 60.21 6629.97 409 
352 
Appendices 
Table A. 10-12 Wall slip data for 20% T4 filled PP1 (PPl-20T4). 
Shear stress 
(kPa) 
Shear rate (s*') Slip velocity 
mm/s 
I/R = 1.0 I/R = 1.1 I/R = 1.3 I/R = 1.5 I/R = 2.0 I/R - 2.5 
180 1565.77 1567.96 1493.35 1533.00 1611.40 1768.11 34 
200 - - 1928.40 2007.65 2123.03 2328.83 76 
220 2562.48 2724.49 2987.81 111 
235 3033.87 3237.83 3550.12 135 
250 3554.62 3806.98 4173.46 211 
265 4126.491 4434.141 4860.22 191 
280 4751.161 512.1.421 5612.69 1 224 
Table A. 10-13 Wall slip data for 60% T4 filled PPI. (PPl-60T4). 
Shear stress 
(kPa) 
Shear rate (s"') Slip velocity 
mm/s 
I/R = 1.0 1/11 = 1.1 1/11 = 1.3 l/R = 1.5 I/R = 2.0 I/R = 2.5 
180 1179.73 1171.36 1191-01 1213.01 1228.82 1326.38 23 
200 1 1527.52 1510.37 1556.68 1591-01 1582.53 1741.42 32 
220 - 1 1983.30 2033.51 1989.45 2227.73 41 
235 2345.23 2409.89 2330.83 2641.68 48 
250 - 2826.08 2704.14 3099.69 73 
265 3283.51, 3110,19, 
-- - 
3603.36 85 
280 3783.591 3 549 76 . 
[ 4154.28, 92 
Table A. 10-14 Wall slip data for 10% T5 filled PPI (PP1-1OT5). 
Shear stress 
(kPa) 
Shear rate (s") Slip velocity 
mm/s 
I/R = 1.0 I/R = 1.1 I/R = 1.3 I/R = 1.5 I/R = 2.0 I/R = 2.5 
180 1655 1682 1628 1584 1898 1938 53 
200 - - 2140 2097 2533 2602 106 
220 - 2741 2703 3289 3397 149 
235 - - 3222 3940 4085 222 
250 - 3800 4667 4857 272 
265 4438 5475 5716 330 
280 5139 6365 6668 394 
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Table A. 10-15 Wall slip data for 20% T5 filled PP1 (PP1-20T5). 
Shear stress 
(kPa) 
Shear rate (s*') Slip velocity 
mm/s 
I/R = 1.0 1/11 = 1.1 1 /R = 1.3 I/R = 1.5 I/R = 2.0 I/R - 2.5 
180 1527 1549 1449 1681 1720 1764 46 
200 1878 2246 2265 2339 76 
220 2374 2918 2906 3018 104 
235 3499 3452 3600 27 
250 4147 4057 4249 27 
265 4868 4725 4965 27 
280 
. 
5663 5455 5753 25 
Table A. 10-16 Wall slip data for 60% T5 filled PPI. (PPI-6OT5). 
Shear stress 
(kPa) 
Shear rate (s-1) Slip velocity 
mm/s 
I/R = 1.0 I/R = 1.1 1 /R = 1.3 I/R = 1.5 I/R = 2.0 I/R = 2.5 
180 1232 1224 1191 977 1280 1081 
200 1601 1586 1547 1296 1680 1465 - 
220 1959 1 1673 2147 1928 24 
235 2308 1996 2545 2331 38 
250 - 2356 2985 2786 109 
265 2754___ 3469 3295 137 
280 3192 3998 3861 171 
Table A. 10-17 Wall slip data for 10% T6 filled PPI (PP1-lOT6). 
Shear stress 
(kPa) 
Shear rate (s") Slip velocity 
mm/s 
I/R = 1.0 I/R = 1.1 1/11 = 1.3 I/R = 1.5 IIR = 2.0 1/11 = 2.5 
180 1362 1362 1562 1550 1768 1805 75 
200 2048 2027 2353 2373 75 
220 1 2584 3047 3039 116 
235 3057 3645 3606 141 
250 3579 4311 4234 168 
265 4151 5049 4926 198 
280 4776 5863 5683 231 
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Table A. 10-18 Wall slip data for 20% T6 filled PPI (PPI-2OT6). 
Shear stress 
(kPa) 
Shear rate (s") Slip velocity 
mm/s 
1/11 = 1.0 I/R= 1.1 I/R = 1.3 1/11 = 1.5 1/11 = 2.0 1/11 - 2.5 
180 1505 1556 1458 1459 1691 1683 35 
200 - - 2110 1888 2199 2237 43 
220 - 2384 2788 2894 132 
235 
f 
2802 3287 
1 345 9 170 
250 3260 3834 4089 214 
265 3759 4434 4786 266 
280 4301 1 5086 5553 324 
Table A. 10-19 Wall slip data for 60% T6 filled PP1 (PP1-60T6). 
Shear stress 
(kPa) 
Shear rate (s"') Slip velocity 
mm/s 
I/R = 1.0 I/R= 1.1 I/R = 1.3 I/R = 1.5 I/R = 2.0 I/R = 2.5 
180 904 888 817 788 948 861 3 
200 1203 1177 1089 1055 1245 1205 11 
220 - - 1412 1373 1594 1633 52 
235 1690 1 1648 1890 2016 72 
250 1957 2218 2456 130 
265 2299 2579 1 2958 171 
280 2678 2974 
_I 
3526 221 
Table A. 10-20 Wall slip data for PP1 filled with 40-weight percentage of 
uncoated talc T3 (PP1-40T3). 
Shear stress 
(kPa) 
Shear rate (s") Slip velocity 
mm/s 
I/R=1.0 I/R=I. l I/R=1.3 I/R=1.5 I/R=2.0 I/R=2.5 
100 311 309 306 296 366 326 6 
180 
1 
1360 1386 1396 1371 1501 1474 20 
220 2314 2430 2467 38 
250 3231 3302 3425 49 
280 4344 4334 4581 61 
315 5907 5749 6197 76 
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Table A. 10-21 Wall slip data for PPI filled with 40-weight percentage of coated 
talc T3 with 1% of coating A-137 PPI. (PP1-40T3-lC3). 
Shear stress 
(kPa) 
Shear rate (s") Slip velocity 
mm/s 
I/R = 1.0 I/R= 1.1 I/R= 1.3 I/R = 1.5 I/R = 2.0 1/11 - 2.5 
100 323 314 304 297 310 381 9 
180 1 1285 1329 1277 1295 1363 1501 31 
220 2142 2260 2396 64 
250 2952 3119 3228 69 
280 3923 4150 4205 70 
315 5271 5585 5534 64 
Table A. 10-22 Wall slip data for PPI. filled with 40-weight percentage of coated 
talc T3 with 2% of coating A-137 PPI. (PP1-40T3-2C3). 
Shear stress 
(kPa) 
Shear rate (s") Slip velocity 
mm/s 
l/R = 1.0 I/R = 1.1 I/R = 1.3 I/R = 1.5 I/R = 2.0 1/11 = 2.5 
100 313 315 292 327 318 348 6 
180 1251 1300 1271 1315 1352 1517 39 
220 2100 2115 2215 2509 80 
250 - 2863 3035 3456 151 
290 4068 4373 5013 239 
315 1 4949 1 5361 6167 308 
Table A. 10-23 Wall slip data for PPI. filled with 40-weight percentage of coated 
talc T3 with 5% of coating A-137 PP1 (PPl-40T3-5C3). 
Shear stress 
(kPa) 
Shear rate (s-1) Slip velocity 
mm/s 
I /R = 1.0 1/11 = 1.1 1 /R = 1.3 1/11 = 1.5 I/R = 2.0 I/R = 2.5 
100 
1 
313 317 310 314 316 450 19 
180 1171 1243 1228 1213 1231 1601 55 
220 1964 1924 1959 2471 96 
250 2581 2633 3256 173 
290 3630 3711 4487 220 
315 4389 4493 1 5365 250 
Table A. 10-24 Wall slip data for PPI filled with 40-weight percentage of coated 
talc T3 with 10% of coating A-137 PP1 (PPI-4OT3-IOC3). 
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Shear stress 
(kPa) 
Shear rate (s'l) 
I Slip velocity 
mm/s 
I/R = 1.0 I/R= 1.1 I/R = 1.3 IIR = 1.5 IIR = 2.0 1/11 - 2.5 
100 373 394 370 391 450 529 24 
180 1448 1620 1490 1592 1681 2008 75 
220 - -1 2399 2571 2637 3167 136 
250 3488 3513 4232 191 
290 4972 4900 5927 247 
315 6057 5899 7151 283 
Table A. 10-25 Wall slip data for PP1 filled with 40-weight percentage of coated 
talc T3 with coupling A-1 110 PPl (PPl-40T3-Cl). 
Shear stress 
(kPa) 
Shear rate (s") Slip velocity 
mm/s 
I/R = 1.0 I/R = 1.1 I/R = 1.3 1/11 = 1.5 I/R = 2.0 1/11 = 2.5 
100 
1 
282 305 270 274 296 359 10 
180 1192 1371 1271 1337 1375 1618 52 
220 - 1 2158 2299 2321 2705 
95 
250 3246 3241 3753 131 
290 4845 4775 5489 167 
315 6056 1 5925 6784 189 
Table A. 10-26 Wall slip data for PPI filled with 40-weight percentage of coated 
talc T3 with polybond (PPI-4OT3-C2). 
Shear stress 
(kPa) 
Shear rate (s') Slip velocity 
mm/s 
I /R = 1.0 I/R = 1.1 I/R = 1.3 1 IR = 1.5 I/R = 2.0 I/R = 2.5 
100 273 261 247 272 274 334 10 
180 1192 1254 1191 1259 1375 1481 45 
220 1 2038 2124 2321 2462 83 
250 2963 3241 3403 110 
290 4362 4775 4957 148 
315 5410 1 5925 1 6112 174 
Table A. 10-27 Wall slip data for PPI filled with 40-weight percentage of coated 
talc T3 with A1100 + polybond (PP1-40T3-CI-C2). 
Shear stress Shear rate (s") Slip velocity 
(kPa) mm/s 
357 
Appendices 
I/R=1.0 I/R=I. l I/R=1.3 I/R=1.5 I/R=2.0' I/R=2.5 
100 227 277 226 213 231 321 10 
180 1089 1401 1151 1073 1164 1385 20 
220 2007 1864 2021 1 2283 60 
250 2648 2872 3139 123 
290 3983 4319 4542 140 
315 5000 5422 5580 144 
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A. 11 Extrudate swell Data 
Table A. 11-1 Swell data for unfilled PPLY6100. 
Shear 
rate (s") 
L/D ratio 0 Average Variation 
1 2 3 4 5 Plus Minus 
99 2.10 2.04 2.22 2.02 1.49 1.97 0.25 -0.48 
149 2.32 2.20 2.24 2.26 2.20 2.24 0.08 -0.04 
248 2.37 2.25 2.23 2.19 2.26 2.26 0.11 1 -0.07 
447 2.73 2.69 2.95 2.89 2.67 2.79 0.16 -0.12 
695 2.93 2.93 2.92 2.92 2.93 2.93 0.00 -0.01 
894 3.11 3.23 3.34 3.23 1 3.22 3.23 0.11 -0.12 
104q 3.54 3.78 3.81 3.78 3.81 3.74 0.07 -0.20 
1242 3.74 3.54 3.80 3.81 3.82 3.74 0.08 -0.20 
1391 3.67 3.68 1 3.74 1 3.59 3.69 3.67 1 0.07 -0.08 
Shear 
rate (s") 
L/D ratio 5 Average Variation 
I- 2 3 4 5 Plus Minus 
99 1.75 1.7 1.6 1.62 1.69 1.67 1 0.08 -0.07 
149 1.78 1.81 -1.79 1.81 1.76 1.79 0.02 -0.03 
248 2.03 1.87 1.97 1.83 1.87 1.91 0.12 -0.08 
447 2.12 2.03 1.99 1.91 1.86 1.98 0.14 -0.12 
695 2.04 2.10 2.20 2.11 2.06 2.10 0.10 -0.06 
894 2.20 2.21 2.22 2.21 2.20 2.21 0.01 -0.01 
1043 2.32 2.33 2.3 2.4 2.4 2.35 0.05 -0.05 
1242 2.41 2.4 2.4 2.4 2.41 2.40 0.01 0.00 
1391 2.2 2.22 2.25 2.28 2.29 2.25 0.04 -0.05 
Shear 
rate (s") 
L/D ratio = 10 Average Variation 
1 2 3 4 5 Plus Minus 
99 1.48 1.46 1.50 1.51 1.46 1.48 0.03 -0.02 
149 1.75 1.72 1.74 1.82 1.77 1.76 0.06 -0.04 
248 1.65 1.63 1.71 1.70 1.74 1.69 0.05 -0.06 
447 1.80 1.68 1.76 1.85 1.68 1.75 0.10 -0.07 
695 1.83 1.78 1.81 1.93 1.84 1.84 0.09 -0.06 
894 2.21 2.20 1 2.19 1 2.18 1 2.17 2.19 0.02 -0.02 
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1043 2.00 2.21 2.22 2.25 2.30 2.20 0.10 -0.20 
1242 2.52 2.50 0.51 2.48 2.48 2.10 0.42 -1.59 
1391 2.32 2.22 2.20 2.21 2.22 2.23 0.09 -0.03 
Shear 
rate (s-) 
L/D ratio 20 Average Variation 
1 2 3 4 5 Plus Minus 
99 1.43 1.40 1.34 1.29 1.15 1.32 0.11 -0.17 
149 1.50 1.52 1.54 1.55 1.52 1.53 0.02 -0.03 
248 1.73 1.63 1.63 1.59 1.57 1.63 0.10 -0.06 
447 1.73 1.65 1.69 1.68 1.62 1.67 0.06 -0.05 
695 1.75 1.70 1.70 1.73 1.74 1.72 0.03 -0.02 
894 1 1.75 1.75 1.78 1.80 1.79 1.77 0.03 -0.02 
1043 2.10 2.20 2.30 2.10 2.10 2.16 0.14 -0.06 
1242 2.30 2.30 2.31 2.30 2.30 2.30 1 0.01 0.00 
Table A. 11-2 Swell data for unfilled Asdif T2101. 
Shear 
rate (s") 
L/D ratio =0 Average Variation 
1 2 3 4 5 Plus Minus 
99 2.39 2.45 2.51 2.44 2.44 2.45 0.06 -0.06 
149 2.38 2.48 2.48 2.44 2.53 2.46 0.07 -0.08 
248 2.70 2.79 2.64 2.64 2.61 2.68 0.11 -0.07 
447 3.20 3.22 3.23 3.20 3.24 3.22 0.02 -0.02 
695 5.46 3.47 3.44- 3.44 3.48 3.46 0.02 -0.02 
894 3.59 3.64 3.60 3.62 3.65 3.62 0.03 -0.03 
1043 3.86 3.86 3.84 3.88 3.85 3.86 0.02 -0.02 
Shear 
rate (s"') 
L/D ratio 5 Average Variation 
1 2 3 4 5 Plus Minus 
99 1.65 1.70 1.78 1.84 1 ý84 1.76 0.08 -0.11 
149 1.85 1.84 1.88 1.84 1.50 1.78 0.10 -0.28 
248 1.97 2.00 2.15 2.21 2.06 2.08 0.13 -0.11 
447 2.04 2.18 2.18 2.19 2.39 2.20 0.19 - -0.16 
695 2.51 2.54 2.60 2.50 2.51 2.53 0.07 -0.03 
894 2.40 2.30 2.35 2.38 2.38 2.36 0.04 -0.06 
1043 2.60 2.62 2.59 2.58 261 2.60 0.02 -0.02 
1242 2.90 2.91 2.90 2.91 77jýý 2.90 0.01 0.00 
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1 1391 -1 2.60 1 2.82 1 2.83 
1 2.70 1 2.74 1 2.74 1 0.09 1 -0.14 
] 
Shear 
rate (s-1) 
LID ratio= 10 Average Variation 
1 2 3 4 5 Plus Minus 
99 1.59 1.62 1.63 1.68 1.68 1.64 0.04 -0.05 
149 1.87 1.61 1.90 1.81 1.74 1.79 0.11 -0.18 
248 1.87 1.82 1.80 1.92 1.90 1.86 0.06 -0.06 
447 2.02 1.86 2.04 2.24 1.96 2.02 0.22 -0.16 
695 2.60 2.50 2.51 2.61 2.62 2.57 0.05 -0.07 
894 2.80 2.76 2.75 2.77 2.78 1 2.77 0.03 -0.02 
1043 2.76 2.75 2.76 2.78 2.78 2.77 0.01 -0.02 
1242 2.68 2.68 2.64 2.65 2.63 2.66 0.02 -0.03 
1391 3.01 2.70 2.60 1 2.80 2.80 2.78 1 0.23 1 0.18 
Shear 
rate (s") 
L/D ratio = 20 Average Variation 
1 2 3 4 5 Plus Minus 
99 1.64 1.66 1.66 1.62 1.62 1.64 0.02 -0.02 
149 1.87 1.83 1.91 1.76 1.76 1.83 0.08 -0.07 
248 1.82 1.76 1.89 1.84 1.86 1.83 0.06 -0.07 
447 1.64 1.64 1.73 1.64 1.76 1.68 0.08 -0.04 
695 1.94 2.12 1,49 1.42 1.92 0.72 -0.50 
894 2.11 2.21 2.26 2.45 2.30 
1 2.27 0.18 -0.16 
Table A. 11-3 Swell data for filled PP2 with 10 % M-15 (PP2-IOT1). 
Shear 
rate (s*') 
L/D ratio =0 Average Variation 
1 2 3 4 5 Plus Minus 
99 1.76 1.96 2.23 2.24 2.25 2.09 0.16 -0.33 
149 2.21 2.25 2.31 2.21 2.26 2.25 0.06 -0.04 
248 2.63 2.65 2.55 2.39 2.42 2.53 0.12 -0.14 
447 2.74 2.74 2.82 2.90 2.71 2.78 1 0.12 -0.07 
695 2.80 2.80 2.81 2.82 2.83 2.81 0.02 -0.01 
894 2.90 2.94 2.91 2.89 2.89 2.91 0.03 -0.02 
1043 3.10 1 3.02 3.04 3.14 3.40 1 3.14 0.26 -0.12 
1242 3.30 3.40 3.40 3.41 3.41 3.38 0.03 -0.08 
1391 3.10 3.20 3.10 1 3.10 3.20 3.14 0.06 1 0.04 
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Shear 
rate (s-) 
LID ratio =5 Average Variation 
1 2 3 4 5 Plus Minus 
99 1.84 1.95 2.19 1.76 1.07 1.76 0.43 -0.69 
149 1.79 1.79 1.83 1.84 1.89 1.83 0.06 -0.04 
248 1.94 1.93 1.95 1.91 1.89 1.92 0.03 -0.03 
447- 
1 
2.14 2.18 
1 
2.28 2.14 2.09 2.17 0.11 
1 '0.0 
695.1 2.28 2.20 1 2.44 2.40 2.40 2.34 0.10 1 -0.14 
Shear 
rate (s") 
UD ratio= 10 Average Variation 
1 2 3 4 5 Plus Minus 
99 1.57 1.62 1.54 1.48 1.50 1 
1.54 0.08 -0.06 
149 1.71 1.78 1.61 1.62 1.66 1.68 0.10 -0.07 
248 1.71 1.79 1.74 1.70 1.72 1.73 0.06 -0.03 
447 2.01 2.00 1.91 1.88 1.94 0.07 -0.06 
695 2.23 2.14 2.15 2.15 2.15 1 
2.16 0.07 -0.02 
894 2.41 2.51 2.46 2.24 2.20 1 2.36 0.15 -0.16 
Shear 
rate (s-1) 
L/D ratio = 20 Average Variation 
1 2 3 4 5 Plus Minus 
99 1.29 1.34 1.42 1.51 1.50 1.41 0.10 -0.12 
149 1.32 1.39 1.40 1.39 1.39 1.38 0.02 -0.06 
248 1.78 1.58 1.59 1.70 1.55 1.64 0.14 -0.09 
447 1.70 1.68 1.98 1.84 1.87 1.81 0.17 -0.13 
695 1.86 1.83 1.84 1.86 1.85 1 1.85 0.01 1 -0.02 
894 2.21 2.29 2.29 1 1.39 1.39 
1 1.91 0.38 1 -0.52 
Table A. 11-4 Swell data for filled PP2 with 20 % M-15 (PP2-20TI. ). 
Shear 
rate (s"') 
LJD ratio =0 Average Variation 
1 2 3 4 5 Plus Minus 
99 1.82 1.82 1.83 1.70 1.77 1 1.79 0.04 -0.09 
149 1.93 2.06 2.09 1.96 1.93 1.99 0.10 -0.06 
248 2.23 2.22 2.18 2.16 2.24 2.21 0.03 -0.05 
447 2.38 2.29 2.34 2.32 2.29 2.32 0.06 -0.03 
695 2.54 2.61 2.64 2.59 2.53 2.58 0.06 -0.05 
894 2.64 2.50 2.50 2.49 1 2.54 2.53 0.11 1 -0.04 
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1 1043 ]- 2.74_t 74 1 2.74 
1 2.76 1 2.72 1 0.04 1 -0.08 
-ý 
Shear 
rate (s-1) 
L/D ratio 5 Average Variation 
1 2 3 4 5 Plus Minus 
99 1.52 1.57 1.49 1.53 1.49 1.52 0.05 -0.03 
149 1.62 1.65 1.64 1.65 1.64 1.64 0.01 -0.02 
248 1.73 1.71 1.72 1.69 1.76 1.72 0.04 -0.03 
447 1.94 1.84 1.83 1.82 1.89 1.86 0.08 -0.04 
695 1.96 1.95 1.98 1.96 1.96, 1.96 0.02 -0.01 
894 2.22 2.14 2.05 2.04 
- 
2.10 2.11 0.11 -0.07_ 
1043 2.30 2.18 2.16 2.23 2.25 2.22 0.08 . 0.06 
1242 2.21 2.14 2.23 2.24 2.19 2.20 0.04 -0.06 
1391 2.34 2.24 1 2.22 1 2.17 2.20 
2.34 
1 
2.17 
Shear 
rate (s-1) 
L/D ratio= 10 Average Variation 
1 2 3 4 5 Plus Minus 
99 1.32 1.36 1.38 1.37 1.39 1.36 0.03 -0.04 
149 1.34 1.39 1.39 1.48 1.55 1.43 0.12 -0.09 
248 1.57 1.49 1.54 1.57 1.52 1.54 0.03 -0.05 
447 1.67 1.66 1.64 1.67 1.69 1.67 0.02 -0.03 
695 1.79 1.79 1.83 1.79 1 . 77 1.79 0.04 -0.02 
894 1.90 1.89 1.85 1.90 
1 
1,95 1.90 0.05 -0.05 
1043 2.08 2.06 2.16 2.14 10 2.11 0.05 -0.05 
1242 2.03 2.03 2.03 2.01 f)c c 1 2.06 2.03 0.03 -0.02 
1391 2.11 2.16 2.13 2.23 2.25 2.18 0.07 -0.07 
2583 2.44 2.30 2.29 2.32 2.37 2.34 0.10 -0.05 
3924 2.79 2.65 2.65 2.64 2.58 2.66 0.13 -0.08 
5265 2.52 2.55 2.58 1 2.56 2.58 2.56 0.02 -0.04 
Shear 
rate (s") 
L/D ratio = 20 Average Variation 
1 2 3 4 5 Plus Minus 
99 1.13 1.16 1.26 1.29 1.31 1.23 0.08 -0.10 
149 1.35 1.39 1.34 1.34 1.36 1.36 0.03 -0.02 
248 1.46 1.40 1.41 1.43 1.48 1.44 0.04 -0.04 
447 1.58 1.58 1.54 1,55 1.54 1.56 0.02 -0.02 
695 1.75 1.71 1.77 1.71 1.73 1.73 0.04 -0.02 
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894 1.93 1.81 
7 
1.76 
1 
1.78 
1 
1.78 1.81 0.12 -0.05 
1043 1.98 1.91 1.87 1.83 1.90 1.90 0.08 -0.07 
1242 1.90 1.90 1.89 1.84 1.89 1.88 0.02 -0.04 
1391 1.95 1.90 1.94 1.93 1.93 1.93 0.02 -0.03 
2583 2.24 1 
2.24 2.26 2.22 2.16 2.22 0.04 -0.06 
3924 2.36 2.40 2.37 2.41 2.37 2.38 0.03 -0.02 
5265 2.29 2.36 2.37 2.33 2.35 2.34 0.03 -0.05 
Table A. 11-5 Swell data for filled PP2 with 40 % M-15 (PP2-40TI). 
Shear 
rate (s-1) 
LJD ratio 0 Average Variation 
1 2 3 4 5 Plus Minus 
99 IA3 1.44 1.48 1.50 1.52 1 1.47 0.05 -0.04 
149 1.53 1.55 1.57 1.57 1.61 1.57 0.04 -0.04 
248 1.74 1.71 1.71 1.72 1.73 1.72 0.02 -0.01 
447 1.87 1.84 1.84 1.80 1.79 1.83 0.04 -0.04 
695 2.05 2.02 2.00 2.01 2.03 2.02 0.03 -0.02 
894 2.11 2.03 2.06 2.08 2.06 2.07 0.04 -0.04 
1043 2.14 2.07 2.06 2.10 2.14 2.10 0.04 -0.04 
1242 2.23 2.23 2.11 2.16 2.22 2.19 0.04 -0.08 
1391' 2.17 2.19 2.19 2.19 2.24 2.20 0.04 -0.03 
2583 2.36 2.36 2.30 2.34 2.38 2.35 0.03 -0.05 
3924 2.67 2.66 2.57 2.63 2.7 2.66 0.12 -0.09 
5265 2.78 2.70 1 2.69 1 
2.70 2.71 2.72 
1 
0.06 
1 
0.03 
Shear 
rate, (s-') 
L/D ratio 5 Average Variation 
1 2 3 4 5 Plus Minus 
99 1.30 1.27 1.23 1.22 1.21 1.25 0.05 -0.04 
149 1.30 1.34 1.35 1.35 1.32 1.33 0.02 -0.03 
248 1.42 1.40 1.40 1.36 1.39 1.39 0.03 -0.03- 
447 1.51 1.47 1.47 1.49 1.49 1.49 0.02 -0.02 
695 1.62 1.63 1.61 1.60 1.61 1.61 0.02 -0.01 
894 1.76 1.76 1.70 1.74 1.73 1.74 0.02 -0.04 
1043 1.79 1.80 1.81 1.80 1.79 1.80 0.01 
_ 
-0.01 
1242 1.76 1.78 1.78 1.76 1.76 1.77 0.01 -0.01 
1391 1.95 1.91 1.87 1.85 1.89 1.89 0.06 -0.04 
2583 1 2.21 1 2.20 2.23 2.22 2.30 2.23 1 0.07 -0.03 
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3924 2.99 2.86 2.84 2.87 2.96 2.90 0.09 -0.06 
5265 2.85 2.84 2.82 2.83 2.85 2.84 0.01 -0.02_ 
Shear 
rate (s") 
UD ratio 10 Average Variation 
1 2 3 4 5 Plus Minus 
99 1.00 1.04 1.12 1.24 1.19 1.12 0.12 -0.12 
149 1.23 1.25 1.26 1.31 1.22 1.25 0.06 -0.03 
248 1.33 1.34 1.37 1.37 1.33 1.35 0.02 -0.02 
447 1.50 1.47 1.45 1.42 1.41 1.45 0.05 -0.04 
695 1.60 1.67 1.59 1.53 1.53 1 1.58 0.09 -0.05 
894 1.59 1.55 1.56 1.58 1.57 1.57 0.02 -0.02 
1043 1.63 1.64 1.63 1.65 1.65 1.64 0.01 -0.01 
1242 1.78 1.73 1.72 1.70 1.69 1.72 0.06 -0.03 
1391 1.77 1.77 1.80 1.75 1.79 1 1.78 0.02 -0.03 
2583 2.00 1.99 1.99 1.97 1.91 1.97 0.03 -0.06 
3924 2.07 2.16 2.18 2.16 2.16 2.15 0.03 -0.08 
5265 2.20 2.18 2.19 2.21 2.19 2.19 0.02 1 '0.01 
Shear 
rate (s") 
L/D ratio 20 Average Variation 
1 2 3 4 5 Plus Minus 
99 1.21 1.22 1.24 1.24 1.23 1 1.23 0.01 -0.02 
149 1.16 1.18 1.22 1.27 1.26 1.22 0.05 -0.06 
248 1.26 1.26 1.28 1.29 1.29 1.28 0.01 -0.02 
447 1.37 L-36 1.35 1.35 1.36 1.36 0.01 -0.01 
695 1.53 1.98 1.53 1.51 1.50 1.61 0.37 -0.11 
894 1.58 1.55 1.56 1.56 1.57 1.56 0.02 -0.01 
1043 1.68 1.69 1.61 1.65 1.66 1.66 0.03 -0.05 
1242 1.70 1.71 1.66 1.70 1.74 1.70 0.04 -0.04 
1391 1.79 1.74 1.91 1.93 1 1.90 1.85 0.08 -0.11 
2583 2.04 2.04 2.03 2.03 2.03 2.03 0.01 0.00 
3924 2.09 2.13 2.10 2.04 2.04 2.08 0.05 -0.04 
5265 2.10 2.09 2.06 1 2.06 2.08 1 2.08 0.02 -0.02 
Table A. 11-6 Swell data for filled PP2 with 60 % M-15 (PP2-6OTl). 
Shear 
rate (s") 
L/D ratio =0 Average Variation 
Plus I Minus- 
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99 1.18 1.18 1.16 1.16 1.15 1.17 0.01 -0.02 
149 1.23 1.24 1.24 1.25 1.24 1.24 0.01 -0.01 
248 1.28 1.27 1.26 1.26 1.29 1.27 0.02 -0.01 
447 1.34 1.35 1.35 1.34 1.33 1.34 0.01 -0.01 
695 1.44 1.43 1.48 1.49 1.50 1.47 0.03 -0.04- 
894 1.44 1.40 1.42 1.39 1.37 1.40 0.04 -0.03 
1043 1.52 1.56 1.54 1.49 1.49 1.52 0.04 -0.03 
1242 1.59 1.58 1.55 1.53 1.56 1.56 0.03 -0.03 
1391 1.56 1.54 1.53 1.53 1.58 1.55 0.03 -0.02 
2583 1.73 1.73 1.73 1.73 1.73 1.73 0.00 0.00 
3924 1.87 1.87 1.86 1.84 1.84 1.86 0.01 -0.02 
5265 1.94 1.94 1.92 1.91 1.96 1.93 0.03 -0.02 
Shear 
rate (s") 
LD ratio 5 Average Variation 
1 2 3 4 5 Plus Minus 
99 1.10 1.11 1.11 1.12 1.10 1.11 0.01 -0.01 
149 1.07 1.15 1.14 1.13 1.13 1.12 0.03 -0.05 
248 1.08 1.12 1.14 1.14 1.13 1.12 0.02 -0.04 
447 1.14 1 1.16 1.17 1.17 1.17 1 1.16 0.01 -0.02 
695 1.14 1.15 1.15 1.15 1.16 1.15 0.01 -0.01 
894 1.29 1.30 1.27 1.25 1.24 1.27 0.03 -0.03 
1043 1.34 1.38 1.36 1.30 1.32 1.34 0.04 -0.04 
1242 1.34 1.34 1.34 1.32 1.34 1.34 0.00 -0.02 
1391 1.35 1.35 1.35 1.39 1.42 1.37 0.05 -0.02 
2583 1.44 1.43 1.46 1.49 1.45 1.45 0.04 -0.02 
3924 1.56 1.56 1.57 1.61 1.57 0.04 -0.01 
5265 1.71 1.70 1.70 1.70 1.70 1.70 0.01 0.00 
Shear 
rate (s*') 
L/D ratio= 10 
I 
Average Variation 
1 2 3 4 5 Plus Minus 
99 1.00 1.00 1.10 1.11 1.12 1 1.07 0.05 -0.07 
149 1.14 1.15 1.15 1.13 1.14 1.14 0.01 -0.01 
248 1.17 1.17 1.15 1.15 1.16 1.16 0.01 -0.01 
447 1.21 1.21 1.21 1.22 1.24 1.22 0.02 -0.01 
695 1.29 1.27 1.26 1.26 1.26 1.27 0.02 -0.01 
894 1.32 1.32 1.32 1.32 1. 1.32 0.00 0.00 
1043 1.33 1.34 1.33 1.35 1.35 1.34 1 0.01 -0.01 
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1242 1.36 1.37 1.37 1.37 1.42 1.38 0.04 -0.02 
1391 1.39 1.39 1.39 1.40 1.43 1.40 0.03 -0.01 
ý 
2583 1.53 1.53 1.53 1.54 1.54 1.53 0.01 0.00 
3924 1.56 1.56 1.56 1.55 1.53 1.55 0.01 -0.02 
5265 1.70 1.72 1.68 1.65 1.67 1.68 0.04 -0.03 
Shear 
rate (s-') 
L/D ratio 20 Average Variation 
1 2 3 4 5 Plus Minus 
99 1.10 1.09 1.09 1.09 1.10 1.09 0.01 0.00 
149 1.13 1.13 1.13 1.13 1.15 1.13 0.02 0.00 
248 1.17 1.16 1.16 1.16 1.16 1.16 0.01 0.00 
447 1.21 1.20 1.20 1.20 1.22 1.21 0.01 -0.01 
695 1.27 1.25 1.25 1.25 1.24 1.25 0.02 -0.01 
894 1.29 1.29 1.29 1.30 1.30 1.29 0.01 0.00 
1043 1.31 1.31 1.30 '1.30 1.31 1.31 0.00 -0.01 
1242 1 1.33 1.32 1.31 1.32 1.31 1.32 0.01 -0.01 
1391 1.35 1.35 1.33 1.34 1.34 1.34 0.01 -0.01 
2583 1.51 1 1.50 1.49 1.45 1.48 1.49 0.02 -0.04 
3924 1.50 1.51 1.49 1.45 1.48 1.49 0.02 -0.04 
5265 1.51 1.52 1 1.50 1.52 1.50 1.51 0.01 -0.01 
Table A. 11-7 Swell data for filled PP1 with 10 % M-15 (PP1-10TI). 
Shear 
rate (s") 
L/D ratio 0 Average Variation 
1 2 3 4 5 Plus Minus 
99 1.64 1.46 1.49 1.51 1.48 1.52 0.12 -0.06 
149 1.97 1.99 2.09 2.09 1.98 2.02 0.07 -0.05 
248 2.23 2.32 2.19 2.13 2.13 2.20 0.12 -0.07 
447 2.54 2.54 2.57 2.37 2.43 2.49 0.08 -0.12 
695 2.69 2.63 2.57 2.54 2.62 2.61 0.08 -0.07 
894 2.84 2.69 2.71 2.69 2.70 2.73 0.11 -0.04 
1043 3.10 3.10 3.20 3.10 3.40 3.18 0.22 -0.08 
1242 3. 3.00 3.00 3.00 3.00 3.00 0.00 0.00 
1391 3.00 3.10 3.10 3.10 3.10 3.08 0.02 -0.08 
Shear 
rate (s*') 
UD ratio =5 Average Variation 
1 2 3 4 5 Plus Minus 
367 
Appendices 
99 1.5 1.4 1.44 1.5 1.42 1.45 0.05 -0.05 
149 1.62 1.58 1.73 1.61 1.61 1.63 0.10 -0.05 
248 1.88 1.84 1.69 1.71 1.70 1.76 0.12 -0.07 
447 1.98 1 2.01 1.97 1.94 1.95 1.97 0.04 -0.03 
695 2.07 1.88 1.90 1.91 2.06 1.96 0.11 -0.08 
894 2.22 1.95 1.93 1.86 1.90 1.97 0.25 -0.11 
Shear 
rate (s-) 
UD ratio = 10 Average Variation 
1 2 3 4 5 Plus Minus 
99 1.19 1.25 1.33 1.34 1.32 1.29 0.05 -0.10 
149 1.30 1.39 1.52 1.55 1.38 1.43 0.12 -0.13 
248 1.59 1.67 1.68 1.54 1.56 1.61 0.07 -0.07 
447 1.55 1.61 1.64 1.58 1.61 1.60 0.04 -0.05 
695 1.65 1.77 1.80 1.82 1.68 1.74 0.08 -0.09 
894 1.79 1.68 1.70 1.74 1. 1.75 0.07 -0.07 
1043 1.61 1.76 1.80 1.81 1.44 1.78 0.16 -0.17 
Shear 
rate (s-) 
L/D ratio = 20 Average Variation 
1 2 3 4 5 Plus Minus 
99 1.37 1.35 1.38 1.40 1.60 1.42 0.18 -0.07 
149 1.36 1.34 1.32 1.40 1.38 1.36 0.04 -0.04 
248 1.51 1.50 1.49 1.47 1.42 1.48 0.03 -0.06 
447 1.59 1.44 1.56 1.55 1.50 1.53 0.06 -0.09 
695 1.72 1.77 1.68 1.80 1.68 1.73 0.07 -0.05 
894 1.63 1.64 1.60 1.69 1.69 1.65 0.04 -0.05 
1043 1.56 1.57 1.59 1.65 1.66 1.61 0.05 -0.05 
1242 1.96 1.86 1.81 1.95 1.88 1.89 0.07 -0.08 
Table A. 11-8 Swell data for filled PP1 with 20 % M-15 (PPI-2OT1). 
Shear 
rate (s") 
LID ratio =0 Average Variation 
1 2 3 4 5 Plus Minus 
99 1.77 1.56 1.66 1.70 1.57 1.65 0.12 -0.09 
149 1.66 1.72 1.74 1.85 1.84 1.76 0.09 -0.10 
248 1.96 
1 
1.95 1.92 1.84 1.89 1.91 0.05 -0.07 
447 2.14 2.17 2.16 2.12 2.16 2.15 0.02 -0.03 
695 2.37 2.36 2.34, 2.34 1 2.39 2.36 1 0603 -0.02 
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894 2.36 2.37 2.42 2.40 2.40 2.39 0.03 -0.03 
1043 2.40 2.40 2.45 2.35 2.35 2.39 0.06 -0.04 
1242 2.37 2.47 2.46 2.42 2.44 2.43 0.04 -0.06 
1391 2.54 
1 
2.52 
1 
2.57 2.51 2.54 2.54 0.03 . 0.03 
Shear 
rate (s-) 
UD ratio =5 Average Variation 
1 2 3 4 5 Plus Minus 
99 1.34 1.35 1.37 1.39 1.4 1.37 0.03 -0.03 
149 1.34 1.31 1.37 1.39 1.34 1.35 0.04 -0.04 
248 1.53 1.54 1.50 1.50 1.54 1.52 0.02 . 0.02 
447 1.65 1.63 1.58 1.59 1.63 1.62 1 0.03 -0.04 
695 1.73 1.69 1.71 1.76 1.77 1.73 0.04 -0.04 
894 1.79 1.77 1.76 1.75 1.78 1.77 0.02 -0.02 
1043 1 1.75 1.86 1.84 1.87 
--- 
1.9 : 1.84 1.90 1.75 
1242 1.92 1 1.88 1 1.86 1,85 
[ 
1 86 1 1.87 1 1.92 1.85 
Shear 
rate (s") 
L/D ratio= 10 Average Variation 
1 2 3 4 5 Plus Minus 
99 1.26 1.27 1.24 1.32 1.30 1.28 0.04 -0.04 
149 1.28 1.28 1.41 1.34 1.37 1.34 0.07 -0.06 
248 1.41 1.42 1.39 1.39 1.37 1.40 0.02 -0.03 
447 1.47 1.48 1.50 1.49 1.40 1.47 0.03 -0.07 
695 1.63 1.66 1.70 1.61 1.54 1.63 0.07 -0.09 
8_94 1 1.70 1.63 
1.77 1.76 1.59 1.69 0.08 -0.10 
1043 1.74 1.86 1.75 1.62 1.75 1.74 0.12 -0.12 
1242 1.73 1.74 1.70 1.70 1.75 1.72 0.03 -0.02 
1391 1.88 1 1.70 1 1.73 1 1.76 1.74 0.14 1 
0.13 
Shear 
rate (s") 
L/D ratio = 20 Average Variation 
1 2 3 4 5 Plus Minus 
99 1.32 1.26 1.28 1.28 1.21 1.27 0.05 -0.06 
149 1.29 1.27 1.37 1.34 1.34 1.32 0.05 -0.05 
248 1.39 1.39 1.33 1.37 1.34 1.36 0.03 -0.03 
447 1.44 1.47 1.41 1.46 1.48 1.45 0.03 -0.04 
695 1.56 1.57 1.59 1.53 1.56 1.56 0.03 -0.0 
894 1.61 1.66 1.74 1.70 1 1.67 1.68 0.06 -0.07 
369 
Appendices 
1043 1.69 1.61 1.61 1.61 1.80 1.66 0.14 -0.05 
1242 1.69 1.60 1.67 1.68 1.72 1.67 0.05 -0.07 
1391 1.76 1.78 1.67 1.81 1.81 1.77 0.04 -0.10 
Table A. 11-9 Swell data for filled PP1 with 40 % M-15 (PPI-40TI). 
Shear 
rate (s-1) 
UD ratio 0 Average Variation 
1 2 1 4 5 Plus Minus 
99 1.17 1.21 1.2 1.27 1.27 1 1.22 0.05 -0.05 
149 1.44 1.44 1.43 1.44 1.44 1.44 0.00 -0.01 
248 1.47 1 1.56 1.52 
1.53 1.45 1.51 0.05 -0.06 
447 1.47 1.5 1.62 1.72 1 1.69 1.60 0.12 -0.13 
695 1.70 1.73 1.69 1.69 1.82 1.73 1 0.09 -0.04 
894 1.79 1.76 1.75 1.86 1.82 1.80 0.06 -0.05 
1043 1.84 1.79 1.77 1.77 1.79 1.79 0.05 -0.02 
1242 1.85 1 1.84 1.80 1.79 1.81 1 1.82 0.03 -0.03 
1391 1.89 1.85 1.93 1.89 1.94 1.90 0.04 -0.05 
2583 2.01 2.03 2.00 1.99 2.07 2.02 0.05 -0.03 
3924 2.32 2.32 2.33 2.27 2.31 2.31 0.02 -0.04 
5265 1 2.43 2.32 1 2.52 2.54 1 2.34 1 2.43 1 0.11 -0.11 
Shear 
rate (s-') 
L/D ratio 5 Average Variation 
1 2 3 4 5 Plus Minus 
99 1.19 1.20 1.19 1.16 1.12 1.17 0.03 -0.05 
149 1.18 1.20 1.22 1.25 1.25 1.22 0.03 -0.04 
248 1.26 1.29 1.25 1.28 1.32 1.28 0.04 -0.03 
447 1 1.38 1.32 1.33 1.34 1.34 1.34 0.04 -0.02 
695 1.39 1.38 1.38 1.42 1.44 1.40 0.04 -0.02 
894 1.52 1.50 1.48 1.50 1.49 1.50 0.02 -0.02 
1043 1.57 1.62 1.58 1.61 1.56 1.59 0.03 -0.03 
1242 1.56 1.62 1.58 1.62 1.62 1.60 0.02 -0.04 
1391 1.71 1.67 1.64 1.70 1.69 1.68 0.03 -0.04 
2583 1.79 1.86 1.82 1.80 1.83 1.82 0.04 -0.03 
3924 1. 1.94 2.05 2.05 1.95 1.99 0.06 -0.05 
5265 2.19 2.19 1 2.01 2.02 1 1.98 1 2.08 0.11 1 '0.10 
Shear IA) ratio = 10 Variation 
rate (s") 
370 
Appendices 
1 2 3 4 5 Plus Minus 
99 1.14 1.15 1.12 1.12 1.09 1.12 0.03 -0.03 
149 1.20 1.20 1.20 1.21 1.18 1.20 0.01 -0.02 
248 1.22 1.23 1.22 1.27 1.16 1.22 0.05 -0.06 
447 1.30 1.30 1.31 1.32 1.31 1.31 0.01 -0.01 
695 1.22 1.25 1.31 1.32 1.34 1.29 0.05 -0.07 
894 1.44 1.42 1.44 1.39 1.38 1.41 0.03 -0.03 
1043 1.41 1.44 1.48 1.48 1.43 1.45 0.03 -0.04 
1242 1.46 1.43 1.46 1.43 1.49 1.45 0.04 -0.02 
1391 1.50 1.51 1.50 1.54 1.54 1.52 0.02 -0.02 
2583 1.84 1.89 1.87 1.87 1.90 1.87 0.03 -0.03 
3924 1.80 1.72 1.80 1.73 1.77 1.76 0.04 -0.04 
5265 1.74 1.76 1.62 1.62 1.68 1.68 0.08 -0.06 
Shear 
1) rate (s* 
L/D ratio 20 Average Variation 
1 2 3 4 5 Plus Minus 
99 1.14 1.13 1.12 1.12 1.14 1.13 0.01 -0.01 
149 1.17 1.19 1.16 1.17 1.17 1.17 0.02 -0.01 
248 1.21 1.24 1.22 1.21 1.21 1.22 0.02 -0.01 
447 1.25 1.25 1.24 1.23 1.24 1.24 0.01 -0.01 
695 1.31 1.34 1.32 1.32 1.34 1.33 0.01 -0.02 
894 1.39 1.32 1.32 1.39 1.40 1.36 0.04 -0.04 
1043 1.43 1.47 1.43 1.44 1.44 1.44 0.03 . 0.01 
1242 1.46 1.46 1.47 1.49 1.50 1.48 0.02 -0.02 
1391 1.52 1.50 1.51 1.44 1.52 1 1.50 0.02 -0.06 
2583 1.67 1.72 1.73 1.73 1.74 1.72 0.02 - -0.05 
3924 1.80 1.81 1.82 1.79 1.95 1.83 0.12 -0.04 
5265 1.78 1.82 1.74 1 1.73 1.73 1.76 0.06 -0.03 
Table A. 11-10 Swell data for filled PP1 with 60 % M-15 (PPI-6OT1). 
Shear 
rate (s"') 
L/D ratio =0 Average Variation 
1 2 3 4 5 Plus Minus 
99 1.00 1.02 1.06 1.10 1.11 1.06 0.05 -0.06 
149 1.04 1.11 1.16 1.18 1.17 1.13 0.05 . 0.09 
248 1. 1.19 1.22 1.23 1.23 1.21 0.02 -0.05 
447 1.26 1.25 1.26 1.28 1.25 1.26 0.02 -0.01 
371 
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695 1.26 1.32 1.32 1.31 1.32 1.31 0.01 -0.05 
894 1.30 1.31 1.36 1.36 1.37 1.34 0.03 -0.04 
1043 1.49 1.54 1.42 1.46 1.47 1.48 0.06 -0.06 
1242 1.51 1.54 1.52 1.52 1.52 1.52 0.02 -0.01 
1391 1.64 1.57 1.58 1.61 1.58 1.60 0.04 -0.03 
2583 1.53 1.64 1.65 1.67 1.70 1.64 0.06 -0.11 
3924 1. 1.81 1.86 1.86 1.82 1.86 0.09 -0.05 
5265 2.20 2.06 2.02 2.45 1 
2.07 2.16 
1 
0.29 
1 . 
0.14 
Shear 
rate (s") 
L/D ratio 5 Average Variation 
1 2 3 4 5 Plus Minus 
99 1.04 1.04 1.05 1.05 1.09 1 1.05 0.04 -0.01 
149 1.06 1.07 1.09 1.09 1.10 1.08 0.02 -0.02 
248 1.08 1.12 1.14 1.14 1.13 1.12 0.02 -0.04 
447 1.10 1.15 1.19 1.16 1.16 1.15 0.04 -0.05 
695 1.18 1.20 1.18 1.15 1.16 1 1.17 0.03 -0.02 
894 1.22 1.24 1.25 1.22 1.24 1.23 0.02 -0.01 
1043 1.25 1.27 1.27 1.28 1.28 1.27 0.01 -0.02 
1242 1 1.30 1.31 1.27 1.22 1.30 1.28 0.03 -0.06 
1391 1.31 1 1.30 1.30 1.30 1.30 1.30 0.01 0.00 
2583 1.40 1.39 1.41 1.43 1.44 1.41 0.03 -0.02 
3924 1.50 1.50 1.50 1.54 1.55 1.52 0.03 -0.02 
5265 1.59 1.53 1 1.54 1 1.58 1.55 1.56 0.03 1 0.03 
Shear 
1) rate (s* 
bD ratio 10 Average' Variation 
1 2 3 4 5 Plus Minus 
99 1.07 1.03 1.04 1.06 1.00 1.04 1 
0.03 -0.04 
149 1.09 1.09 1.06 1.06 1.10 1.08 0.02 -0.02 
248 1.06 1.07 1.09 1.10 1.13 1.09 0.04 -0.03 
447 1.10, 1.06 1.08 1.13 1.14 1 1.10 0.04 -0.04 
695 1.14 1.17 1.19 1.19 1.17 1.17 0.02 -0.03 
894 1.20 1.23 1.22 1.21 1.22 1.22 0.01 -0.02 
1043 1.21 1.23 1.23 1.24 1.43 1.27 0.16 -0.06 
1242 1 1.24 1.26 1.16 1.17 1.09 1.18 0.08 -0.09 
1391 1.27 1.26 1.27 1.26 1.26 1.26 0.01 0.00 
2583 1.36 1.40 1.39 1.40 1.36 1.38 0.02 -0.02 
3924 1.43 1 1.46 1.44 1.43 1.44 1 1.44 1 0.02 -0.01 
372 
Appendices 
1 5265 1 1.49 1 1.49 1 1.46 1 1.43 1 1.47 1 1.47 1 0.02 1 -0.04-ý 
Shear 
rate (s") 
UD ratio = 20 Average Variation 
1 2 3 4 5 Plus Minus 
99 1.04 1.04 1.03 1.04 1.04 1.04 0.00 -0.01 
149 1.08 1.08 1.08 1.08 1.08 1.08 0.00 0.00 
248 1.00 1.10 1.08 1.09 1.09 1.07 0.03 -0.07 
447 1.08 1.11 1.13 1.13 1.12 1.11 0.02 -0.03 
695 1.16 1.16 1.16 1.16 1.15 1.16 0.00 -0.01 
894 1.16 1.18 1.18 1.17 1.15 1.17 0.01 -0.02 
1043 1.16 1.18 1.18 1.17 1.20 1.18 0.02 -0.02 
1242 1.21 1.16 1.15 1.18 1.20 1.18 0.03 -0.03 
1391 1.23 1.24 1.25 1.25 1.21 1.24 0.01 -0.03 
2583 1.34 1 1.32 1.37 1.40 1.38 1.36 0.04 -0.04 
3924 1.51 1.42 1.35 1.71 1.41 1.48 0.23 -0.13 
5265 1.47 1.48 1 1.44 1.42 1.46 1.45 0.03 -0.03 
Table A. 11-11 Swell data for filled PP1 with 10 % Nytal-400 (PP1-IOT2). 
Shear 
rate (s") 
L/D ratio =0 Average Variation 
1 2 3 4 5 Plus Minus 
99 1.97 1.95 2.05 2.00 2.07 2.01 0.06 -0.06 
149 2.19 2.20 2.13 2.16 2.07 2.15 0.05 -0.08 
248 2.26 2.27 2.26 2.31 2.49 2.32 0.17 -0.06 
447 2.80 1 2.76 2.64 2.56 2.48 2.65 0.15 -0.17 
695 3.07 2.98 2.95 2.82 2.80 2.92 0.15 -0.12 
894 2.60 2.62 2.59 2.62 2.71 2.63 0.08 1 -0.04 
Shear 
rate (s-') 
L/D ratio =5 Average Variation 
1 2 3 4 5 Plus Minus 
99 1.43 1.38 1.42 1.48 1.55 1.45 0.10 -0.07 
149 1.59 1.58 1.53 1.60 1.89 1.64 0.25 -0.11 
248 1.68 1.66 1.63 1.70 1.73 1.68 0.05 -0.05 
447 1.92 1.86 1.80 1.76 1.75 1.82 0.10 -0.07 
695 1.89 1.94 1.96 1.98 2.01 1.96 1 0.05 -0.07 
373 
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Shear 
rate (s*l) 
L/D ratio = 10 Average Variation 
1 2 3 4 5 Plus Minus 
99 1.38 1.41 1.43 1.42 1.39 1.41 0.02 -0.03 
149 1.46 1.43 1.42 1.40 1.43 1.43 0.03 -0.03 
248 1.48 1.52 1.55 1.63 1.68 1.57 0.11 -0.09 
447 1.64 1.62 1 . 
62 1.62 1.63 0.01 . 0.01 
695 1.75 1.78 1.78 1.79 1.81 1.78 0.03 -0.03 
Shear 
rate (s") 
L/D ratio = 20 Average Variation 
1 2 3 4 5 Plus Minus 
99 1.26 1.33 1.35 1.33 1.25 1.30 0.05 -0.05 
149 1.36 1.39 1.37 1.36 1.40 1.38 0.02 -0.02 
248 1.44 1.43 1.43 1.46 1.47 1.45 0.02 -0.02 
447 1.59 1.60 1.60 1.62 1.64 1.61 0.03 -0.02 
695 1.62 1.64 1.64 1.65 1.661 1.64 1 0.02 1 0.02 
Table A. 11-12 Swell data for filled PPI with 20 % Nytal-400 (PP1-20T2). 
Shear 
rate (s") 
UD ratio 0 Average Variation 
1 2 3 4 5 Plus Minus 
99 
1 1.60 1.66 
1.80 1.70 1.54 1.66 0.14 -0.12 
149 1.74 1.71 1.74 1.74 1.74 1.73 0.01 -0.02 
248 2.00 1 2.18 2.15 2.21 2.17 2.14 0.07 -0.14 
447 2.48 2.49 2.46 2.45 2.41 2.46 0.03 -0.05 
695 2.56 2.64 2.68 2.67 2.60 2.63 0.05 -0.07 
894 2.71 2.72 2.75 2.81 2.82 2.76 0.06 -0.05 
1043 2.85 1 2.81 2.77 2.74 2.80 1 2.79 0.06 -0.05 
1242 2.62 2.61 2.62 2.65 2.71 2.64 0.07 -0.03 
1391 2.80 2.83 1 2.87 1 2.94 2.96 2.88 0.08 
Shear 
rate (s") 
UD ratio =5 Average Variation 
1 2 3 4 5 Plus Minus 
99 1.40 1.37 1.33 1.33 1.34 1.35 0.05 -0.02 
149 1.51 1.49 1.48 1.49 1.38 1.47 0.04 -0.09 
248 1.51 1.50 1.49 1.51 1.52 1.51 0.01 -0.02 
447 1 1.65 1 1.69 1.68 1.67 1.68 1.67 0.02 -0.02 
374 
Appendices 
695 1.78 1 1.86 1 1.86__I_ 1.86 1.85 1 1.84 1 0.02 1 --0.06 
894 1.77 1.84 1.84 1.84 1.85 1.83 0.02 1 -0.06 
Shear 
rate (s") 
L/D ratio = 10 Average Variation 
1 2 3 4 5 Plus Minus 
99 1.33 1.31 1.31 1.30 1.34 1.32 0.02 -0.02 
149 1.35 1.39 1.35 1.40 1.46 1.39 0.07 -0.04 
248 1.52 1.50 1.50 1.52 1.52 1.51 0.01 -0.01 
447 1.69 1.63 1.60 1.57 1.58 1.61 0.08 -0.04 
695 1.62 1.67 1.66 1.66 1.66 1.65 0.02 -0.03 
894 1.80 1.88 1.86 1.82 1.83 1.84 0.04 -0.04 
Shear 
rate (s") 
L/D ratio = 20 Average Variation 
1 2 3 4 5 Plus Minus 
99 1.24 1.34 1.35 1.35 1.23 1.30 0.05 -0.07 
149 1.28 1.29 1.30 1.35 1.39 1.32 0.07 -0.04 
248 1.47 1.43 1.46 1.44 1.44 1.45 0.02 -0.02 
447 1.53 1.52 1.51 1.51 1.51 1.52 0.01 -0.01 
695 1.71 1.71 1.72 1.69 1.70 1.71 0.01 -0.02 
894 1.75 1.74 1.75 1.76 1.77 1.75 0.02 -0.01 
1043 1 1.80 1.80 1.81 1.79 1.83 1.81 1 0.02 -0.02 
Table A. 11-13 Swell data for filled PP1 with 60 % Nytal-400 (PPI-6OT2). 
Shear 
rate (s-) 
LID ratio 0 Average Variation 
1 2 3 4 5 Plus Minus 
99 1.23 1.27 1.29 1.29 1.30 1.28 0.02 -0.05 
149 1.32 1.37 1.35 1.34 1.34 1.34 0.03 -0.02 
248 1.44 1.46 1.45 1.45 1.37 1.43 0.03 -0.06 
447 1.44 1.43 1.43 1.45 1.47 1.44 0.03 -0.01 
695 1.58 1.57 1.57 1.60 1.60 1.58 0.02 -0.01 
894 1.67 1.65 1.65 1.64 1.64 1.65 0.02 -0.01 
1043 1.74 1.72 1.73 1.72 1.75 1.73 0.02 -0.01 
1242 1.84 1.83 1.82 1.81 1.80 1.82 0.02 -0.02 
1391 1.88 1.86 1.85 1.86 1.84 1 1.86 0.02 -0.02 
1589 1 2.00 1 1.92 1 1.85 1 2.01 2.09 1.97 0.12 -0.12 
1788 1 1.95 1 1.96 1 1.98 1 2.02 2.01 1.98 0.04 1 -0.03 
375 
Appendices 
2086 2.04 2.02 2.02 2.00 2.00 2.02 0.02 -0.02 
2334 1.94 1.93 1.90 1.90 1.92 1.92 0.02 -0.02 
2583 2.00 1.96 1.94 1.93 1.92 1.95 0.05 -0.03 
Shear 
rate (s") 
L/D ratio 5 Average Variation 
1 2 3 4 5 Plus Minus 
99 1.21 1.22 1.20 1.21 1.20 1.21 0.01 -0.01 
149 1.19 1.19 1.21 1.24 1.24 1.21 0.03 -0.02 
248 1.28 1.22 1.20 1.18 1.14 1.20 0.08 -0.06 
447 1.32 1.30 1.31 1.32 1.32 1.31 0.01 -0.01 
695 1.43 1.41 1.40 1.39 1.37 1.40 0.03 -0.03 
894 1.43 1.44 1.45 1.44 1.46 1.44 0.02 -0.01 
1043 1.58 1.52 1.52 1.51 1.48 1.52 0.06 -0.04 
1242 1.58 1.53 1,52 1.50 1.59 1.54 0.05 -0.04 
1391 1.58 1.54 1.52 1.49 1.47 1.52 0.06 -0.05 
1589 1.63 1.59 1.61 1.62 1.58 1.61 0.02 -0.0'3 
1788 1.63 1.62 1.60 1.56 1.54 1.59 0.04 -0.05 
2086 1 1.59 1.60 1.56 1.65 1.69 1.62 0.07 -0.06 
2334 1.69 1.65 1.56 1.55 1.52 1.59 0.10 -0.07 
2583 1.58 1.53 1.69 1.60 1.63 1.61 0.08 -0.08 
Shear 
rate (s") 
L/D ratio 10 Average Variation 
1 2 3 4 5 Plus Minus 
99 1.08 1.10 1.12 1.12 1.09 1.10 0.02 -0.02 
149 1.20 1.15 1.14 1.14 1.13 1.15 0.05 -0.02 
248 1.15 1.19 1.16 1.15 1.15 1.16 0.03 -0.01 
447 1.29 1.29 1.28 1.24 1.21 1.26 0.03 -0.05 
695 1.31 1.30 1.31 1.34 1.37 1.33 0.04 . 0.03 
894 1.33 1.31 1.33 1.30 1.42 1.34 0.08 -0.04 
1043 1.34 1.40 1.35 1.35 1.35 1.36 0.04 -0.02 
1242 1.38 1.37 1.38 1.34 1.37 1.37 0.01 -0.03 
1391 1.43 1.41 1.40 1.40 1.40 1.41 0.02 -0.01 
1589 1.53 1.47 1.43 1.42 1.40 1.45 0.08 -0.05 
1788 1.51 1.49 1.47 1.45 1.44 1.47 0.04 -0.03 
2086 1.70 1.61 1.58 1.57 1.56 1.60 0.10 -0.04 
2334 1.54 1.53 1.51 1.52 1.56 1.53 0.03 -0.02 
2583 1.63 1.55 1.54 1.54 1.54 1.56 0.07 1 "0.02 
376 
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Shear 
1) rate (s' 
L/D ratio 20 Average Variation 
1 2 3 4 5 Plus Minus 
99 1.16 1.00 1.00 1.01 1.03 1.04 0.12 -0.04 
149 1.08 1.14 1.12 1.10 1.13 1.11 0.03 -0.03 
248 1.17 1.18 1.16 1.11 1.28 1.18 0.10 -0.07 
447 1.20 1.21 1.25 1.22 1.34 1.24 0.10 -0.04 
695 1.25 1.22 1.30 1.34 1.24 1.27 0.07 -0.05 
894 1.28 1.30 1.31 1.34 1.37 1.32 0.05 -0.04 
1043 1.32 1.39 1.33 1.30 1.48 1.36 0.12 -0.06 
1242 1.31 1 1.27 1.27 
1.27 1.28 1.28 0.03 -0.01 
1391 1.44 1.42 1.39 1.35 1.31 1.38 0.06 -0.07 
1589 1.41 1.45 1.48 1.40 1.41 1.43 0.05 -0.03 
1788 1.52 1.46 1.42 1.48 1.48 1.47 0.05 -0.05 
2086 1.47 1 1.46 1.49 1.48 1.47 1.47 0.02 -0.01 
2334 1.53 1.51 1.50 1.48 1.50 1.50 0.03 0.02 
2583 1.49 1.44 1.58 1.44 1.49 1.49 0.09 -0.05_ 
Table A. 11-14 Swell data for filled PP1 with 10 % SF-10 (PPI-10T3). 
Shear 
rate (s"') 
L/D ratio =0 Average Variation 
1 2 3 4 5 Plus Minus 
99 1.71 1.71 1.72 1.84 1.84 1.76 0.08 -0.05 
149 2.12 2.07 2.03 1.97 2.02 2.04 0.08 -0.07 
248 2.27 2.32 2.37 2.43 2.36 2.35 0.08 -0.08 
447 2.59 2.57 2.51 2.48 2.51 2.53 0.06 -0.05 
695 2.72 2.69 2.68 2.69 2.73 2.70 0.03 -0.02 
894 2.81 2.82 3.02 1 3.02 3.00 2.93 0.09 -0.12 
Shear 
rate (s") 
L/D ratio =5 Average Variation 
1 2 3 4 5 Plus Minus 
99 1.39 1.41 1.41 1.42 1.44 1 1.41 0.03 -0.02 
149 1.5 1.61 1.6 1.54 1.5 1.55 0.06 -0.05 
248 1.67 1.69 1.68 1.68 1.67 1.68 0.01 . 0.01 
447 1.78 1.86 1.77 1.74 1.7 1.77 0.09 -0.07 
695 1.89 1.92 1.9 1.91 1.89 1.90 0.02 -0.01 
894 1.98 1.99 1.97 1.98 2 1.98 0.02 1 -0.01 
377 
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1043 2.09 1 2.12 1 2.19__ 1 2.23 1 2.24 1 2.17 1 0.07 1 4H 008 ] 
1242 2.29 2.28 1 2.26 1 2.26 1 2.23 1 2.26 - 1 0.03 1- 
Shear 
rate (s-') 
L/D ratio= 10 Average Variation 
1 2 3 4 5 Plus Minus 
99 1.28 1.36 1.37 1.35 1.32 1.34 0.03 -0.06 
149 1.47 1.46 1.41 1.39 1.42 1.43 0.04 -0.04 
248 1.52 1.54 1.52 1.54 1.54 1.53 0.01 -0.01 
447 1.69 1.64 1.65 1.64 1.64 1 1.65 0.04 -0.01 
695 1.76 1.79 1.79 1.79 1.80 1.79 0.01 -0.03 
894 1.78 1.83 2.07 1.83 1.82 1.87 0.20 -0.09 
Shear 
1) rate (s' 
L/D ratio = 20 Average Variation 
1 2 3 4 5 Plus Minus 
99 1.21 1.22 1.25 1.27 1.27 1.24 0.03 -0.03 
149 1.34 1.44 1.28 1.28 1.28 1.32 0.12 -0.04 
248 1.32 1.36 1.36 1.35 1.34 1.35 0.01 -0.03 
447 1 1.51 1.54 1.55 1.55 1.56 1.54 0.02 -0.03 
695 1 1.66 1.66 1.64 1.64 1.63 1.65 0.01 -0.02 
Table A. 11-15 Swell data for filled PPI with 20 % SF-10 (PPl-20T3). 
Shear 
rate (s-1) 
L/D ratio =0 Average Variation 
1 2 3 4 5 Plus Minus 
99 1.61 1.69 1.69 1.67 1.63 1.66 0.03 -0.05 
149 1.68 1.69 1.70 1.76 1.83 1.73 0.10 -0.05 
248 2.09 2.13 2.10 2.11 2.07 2.10 0.03 -0.03 
447 2.27 2.33 2.30 2.28 2.26 2.29 0.04 . 0.03 
695 2.42 2.45 2.45 2.41 2.40 2.43 0.02 _ -0.03 
894 2.57 2.58 2.55 2.75 2.54 2.60 0.15 -0.06 
1043 2.59 2.72 2.74 2.67 2.60 2.66 0.08 . 0.07 
1242 2.70 2.71 2.74 2.77 2.79 2.74 0.05 -0.04 
1391 2.66 2.62 2.62 2.61 2.65 2.63 0.03 -0.02 
1589 2.90 1 2.87 1 2.84 1 2.84 1 2.86 1 2.86 1 0.04 -0.02 
378 
Appendices 
Shear 
rate (s"') 
L/D ratio 5 Average Variation 
2 3 4 5 Plus Minus 
99 1.29 1.28 1.27 1.27 1.25 1.27 0.02 -0.02 
149 1.33 1.35 1.4 1.4 1.39 1.37 0.03 -0.04 
248 1.49 1.47 1.44 1.44 1.43 1.45 0.04 -0.02 
447 1.57 1.61 1.6 1.6 1.61 1.60 1 
0.01 -0.03 
695 1.67 1.66 1.65 1.66 1.67 1.66 0.01 -0.01 
894 1.77 1.76 1.76 1.76 1.75 1.76 0.01 -0.01- 
1043 1.88 1.88 1.87 1.85 1.84 1.86 0.02 . 0.02 
1242 1.88 1.89 1.9 1.88 1.92 1.89 0.03 -0.01 
1391 1.93 1.94 1.94 1.94 1.95 1.94 0.01 -0.01 
1589 1.95 1.96 1.96 1.97 1.97 1.96 0.01 -0.01 
1788 1.96 1.96 1.96 1.97 1.99 1.97 1 0.02 -0.01 
Shear 
rate (s*') 
L/D ratio 10 Average Variation 
1 2 3 4 5 Plus Minus 
99 1.23 1.23 1.23 1.25 1.26 1.24 0.02 -0.01 
149 1.29 1.26 1.30 1.28 . 28 .: 
I: 1.28 0.02 -0.02 
248 1.34 1.34 1.34 1.35 1.3 1.36 1.35 0.01 -0.01 
447 1.42 1.43 1.42 1.41 1.42 1.42 0.01 -0.01 
695 1.58 1.56 1.57 1.58 1.58 1.57 1 0.01 -0.01 
894 1.64 1.65 1.64 1.64 1.65 1.64 0.01 0.00 
1043 1.70 1.74 1.72 1.70 1.72 1.72 0.02 . 0.02 
1242 1.74 1.76 1.73 1.73 1.72 1.74 0.02 -0.02 
1391 1.75 1.71 1.67 1.69 1.69 1.70 0.05 -0.03 
1589 1.81 1.81 1.81 1.81 1.8 1.81 0.00 -0.0 
1788 1.89 1.92 1.90 1.90 1.94, 1.91 0.03 
Shear 
rate (s"') 
L/D ratio = 20 Average Variation 
1 2 3 4 5 Plus Minus 
99 1.17 1.17 1.18 1.19 1.19 1 1.18 0.01 -0.01 
149 1.21 1.23 1.23 1.23 1.21 1.22 0.01 -0.01 
248 1.27 1.27 1.29 1.29 1.29 1.28 0.01 -0.01 
447 1.34 1.39 1.38 1.38 1.39 1.38 0.01 -0.04 
695 1.46 1.50 1.50 1.48 1.48 1.48 0.02 
379 
Appendices 
894 1.50 1.52 1.53 1.53 1.53 1.52 0.01 -0.02 
1043 1.52 1.56 1.54 1.54 1.55 1.54 0.02 -0.02 
1242 1.58 1.58 1.59 1.59 1.6 1.59 0.01 -0.01 
1391 1.67 1.67 1.67 1.67 1.67 1.67 0.00 0.00 
1589 1.69 1.70 1.67 1.69 1.70 1.69 0.01 -0.02 
1788 1.74 1.76 1.77 1.76 1.78 1.76 0.02 -0.02 
2086 1.78 1.79 1.79 1.79 1.8 1.79 1 0.01 . 0.01 
Table A. 11-16 Swell data for filled PP1 with 60 % SF-10 (PP1-60T3). 
Shear 
rate (s*') 
L/D ratio 0 Average Variation 
1 2 3 4 5 Plus Minus 
99 1.02 1.01 1.01 1.01 1.01 1.01 0.01 0.00 
149 1.07 1.07 1.07 1.07 1.05 1.07 0.00 -0.02 
248 1.12 1.12 1.13 1.13 1.13 1.13 0.00 -0.01 
447 1.16 1.16 1.16 1.16 1.16 1.16 0.00 0.00 
695 1.21 1.21 1.21 1.21 1.22 1.21 0.01 0.00 
894 1.26 1.27 1.27 1.27 1.27 1.27 0.00 -0.01 
1043 1.28 1.28 1.28 1.28 1.30 1.28 1 0.02 0.00 
1242 1.32 1.31 1.31 1.31 1.31 1.31 0.01 0.00 
1391 1.33 1.32 1.32 1.32 1.32 1.32 0.01 0.00 
1589 1.34 1.34 1.33 1.33 1.35 1.34 0.01 -0.01 
1788 1.38 1.38 1.36 1.39 1.39 1.38 0.01 -0.02 
2086 1.40 1.40 1.40 1.38 1.39 1.39 0.01 -0.01 
2334 1.41 1.41 1.41 1.42 1.42 1.41 0.01 0.00 
2583 1.45 1.45 1.46 1.45 1.45 1.45 0.01 0.00 
3328 1.48 1.48 1.48 1.48 1.48 1.48 0.00 0.00 
3924 1.52 1.51 1.51 1.51 1.52 1.51 0.01 0.00 
5265 1.56 1 1.56 1.56 1.56 1.56 1 0.02 0.00 
Shear 
rate (s") 
L/D ratio =5 Average Variation 
1 2 3 
.4 
5 Plus Minus 
99 1.00 1.00 1.00 1.00 1.00 1 1.000 0.00 0.00 
149 1.00 1.00 1.00 1.00 1-00 1 1.000 0.00 0.00 
248 1.01 1.00 1.00 1.00 1.00 1.002 0.01 0.00 
447 1. 1.01 1.00 1.00 1.00 1.006 0.01 -0.01 
695 1.04 1.05 1.04 1.04 1.04 1.042 0.01 0.00 
380 
Appendkes 
894 1.06 1.06 1.06 1.05 1.06 1.058 0.00 -0.01 
1043 1.08 1.08 1.08 1.07 1.08 1.078 0.00 -0.01 
1242 1.10 1.09 1.09 1.09 1.09 1.092 0.01 0.00 
1391 1.11 1.11 1.11 1.10 1.10 1.106 0.00 -0.01 
1589 1.12 1.12 1.12 1.12 1.12 1.120 0.00 0.00 
1788 1.14 1.13 1.14 1.14 1.15 1.140 0.01 -0.01 
2086 1.15 1.14 1.15 1.15 1.14 1.146 0.00 -0.01 
2334 1.16 1.15 1.16 1.16 1.16 1.158 0.00 -0.01 
2583 1.16 1.16 1.17 1.17 1.16 1.164 0.01 0.00 
3328 1.18 1.19 1.19 1.19 1.19 1.188 1 0.00 1 '0.01 
Shear 
rate (s"') 
L/D ratio= 10 Average Variation 
1 2 3 4 5 Plus Minus 
99 1.00 1.00 1.00 1.00 1.00 1.00 0.00 0.00 
149 1.00 1.00 1.00 1.00 1.00 1.00 0.00 0.00 
248 1.00 1.00 1.00 1.00 1.00 1.00 0.00 0.00 
447 1.00 1 1.00 1.00 1.00 1.01 1.00 0.01 0.00 
695 1.00 1.00 1.00 1.00 1.01 1.00 0.01 0.00 
894 1.02 1.02 1.02 1.01 1.01 1.02 0.00 -0.01 
1043 1.04 1.04 1.04 1.04 1.04 1.04 0.00 0.00 
1242 1.06 1.06 1.05 1.05 1.05 1.05 0.01 0.00 
1391 1.08 1.08 1.08 1.07 1.08 1.08 0.00 -0.01 
1589 1.10 1.09 1.10 1.09 1.10 1.1 0 0.00 -0.01 
1788 1.10 1.11 1.10 1.10 1.09 1.10 0.01 -0.01 
2086 1.10 1.10 1.10 1.11 1.11 1 1.10 0.01 0.00 
2334 1.13 1.13 1.12 1.13 1.14 1.13 0.01 -0.01 
2583 1.16 1.16 1.16 1.14 1.15 1.15 0.01 -0.01 
3328 1.15 1.15 1.14 1.14 1.14 1.14 0.01 0.00 
Shear 
rate (s-1) 
L/D ratio = 20 Average Variation 
1 2 3 4 5 Plus Minus 
99 1.00 1.00 1.00 1.00 1.00 1.00 0.00 0.00 
149 1.00 1.00 1.00 1.00 1.00 1.00 0.00 0.00 
248 1.00 1.00 1.00 1.00 1.00 1.00 0.00 0.00 
447 1.00 1.00 1.00 1.00 1.00 1.00 0.00 0.00 
695 1.00 1.00 1.00 1.00 1.00 1.00 0.00 1 0.00 
894 1.00 1.00 1 1.00 1 1.00 1.00 1.00 0.00 0.00 
381 
Appendices 
1043 1.00 1.00 1.00 1.00 1.00 1.00 0.00 0.00 
1242 1.00 1.00 1.00 1.00 1.00 1.00 0.00 0.00 
1391 1.00 1.00 1.00 1.00 1.00 1.00 0.00 0.00 
1589 1.06 1.06 1.05 1.05 1.05 1.05 0.01 0.00 
1788 1.06 1.07 1.07 1.07 1.07 1.07 0.00 -0.01 
2086 1.07 1.08 1.08 1.07 1.07 1.07 0.01 0.00 
2334 1.09 1.09 1.09 1.09 1.09 1.09 0.00 0.00 
2583 1. 1.09 1.09 1.10 1.10 1.09 0.01 0.00 
3328 1.14 1.13 1.13 1.13 1.13 1.13 0.01 0.00 
Table A. 11-17 Swell data for filled PPI. with 10 % Luzenac IOMOOS (PPI-lOT4) 
Shear 
rate (s") 
L/D ratio =0 Average Variation 
1 2 3 4 5 Plus Minus 
99 1.86 1.85 1.82 1.81 1.77 1.82 1 0.04 -0.05 
149 '2.04 2.04 2.03 2.04 2.01 2.03 0.01 -0.02 
248 2.19 2.21 2.25 2.25 2.30 2.24 0.06 -0.05 
447 2.68 2.66 2.67 2.77 2.78 1 2.71 0.07 -0.05 
695 2.78 1 2.80 2.83 2.87 2.91 2.84 0.07 -0.06 
894 3.08 1 3.10 3.08 3.02 2.96 3.05 0.05 -0.09 
Shear 
rate (s") 
L/D ratio 5 Average Variation 
I1 2 3 4 5 Plus Minus 
99 1.36 1.37 1.40 1.40 1.38 1 1.38 0.02 -0.02 
149 1.57 1.58 1.50 1.50 1.42 1.51 0.07 -0.09 
248 1.60 1.59 1.58 1.55 1.57 1.58 0.02 -0.03 
447 1.78 1.76 1.74 1.72 1.69 1.74 0.04 -0.05 
695 1.88 1.87 1.82 1.86 1.80 1.85 0.03 -0.05 
894 1.91 1.94 1.96 2.01 2.02 1.97 0.05 -0.06 
1043 2.11 2.02 2.00 2.05 2.07 2.05 0.06 -0.05 
Shear 
rate (s"') 
L/D ratio = 10 Average Variation 
1 2 3 4 5 Plus Minus 
99 1.39 1.37 1.34 1.34 1.34 1 1.36 0.03 -0.02 
149 1.44 1.41 1.41 1.42 1.43 1.42 0.02 -0.01 
248 1.43 1.44 1.44 1.48 1.54 1.47 0.07 -0.04 
447 1 1.61 1.59 1.58 1.56 1.57 1.58 1 0.03 0.02 
382 
Appendices 
695 1.72 1.72 1.69 1.69 1.70 1.70 0.02 -0.01 
894 1.76 1.77 1.77 1.76 1.77 1.77 0.00 -0.01 
1043 1.91 1.87 1.88 1.83 1.85 1.87 0.04 -0.04 
Shear 
rate (s") 
L/D ratio = 20 Average Variation 
1 2 3 4 5 Plus Minus 
99 1.26 1.27 1.27 1.26 1.25 1.26 0.01 -0.01 
149 1.34 1.32 1.34 1.35 1.32 1.33 0.02 -0.01 
248 1.41 1.38 1.38 1.40 1.41 1.40 0.01 -0.02 
447 1.54 1.52 1.53 1.59 
j 
1.53 1.54 0.05 -0.02 
695 1.60 1.62 1.69 1.63 1.65 1.64 0.05 -0.04 
Table A. 11-18 Swell data for filled PPI with 20 % Luzenac 10MOOS (PP1-20T4) 
Shear 
rate (s"') 
L/D ratio 0 Average Variation 
1 2 3 4 5 Plus Minus 
99 1.68 1.72 1.68 1.64 1.67 1.68 0.04 -0.04 
149 1.84 1.85 1.90 1.84 1.84 1.85 0.05 -0.01 
248 1.97 1.93 1.91 1.98 2.02 1.96 0.06 -0.05 
447 2.25 2.15 2.16 2.20 2.23 2.20 0.05 -0.05 
695 2.42 1 2.37 2.35 
2.36 2.38 
1 2.38 0.04 -0.03 
894 2.51 2.49 2.46 2.43 2.41 2.46 0.05 . 0.05 
1043 2.59 2.61 2.64 2.65 2.62 2.62 0.03 -0.03 
1242 2.59 2.59 2.59 2.58 2.57 2.58 0.01 -0.01 
1391 2.64 2.62 2.60 2.61 2.68 2.63 0.05 -0.03 
1589 1 2.72 1 2.68 1 2.68 2.72 1 2.69 2.70 0.02 -0.02 
Shear 
rate (s") 
L/D ratio 5 Average Variation 
1 2 3 4 5 Plus Minus 
99 1.29 1.33 1.32 1.29 1.27 1.30 0.03 -0.03 
149 1.30 1.30 1.34 1.34 1.36 1.33 0.03 -0.03 
248 1.40 1.37 1.38 1.40 1.44 1.40 0.04 -0.03 
447 1.51 1.51 1.53 1.54 1.56 1.53 0.03 -0.02 
695 1.69 1.67 1.65 1.65 1.69 1.67 0.02 -0.02 
894 1.74 1.72 1.71 1.72 1.72 1.72 0.02 . 0.01 
1043 1.87 1.85 1.85 1.77 1.75 1.82 0.05 -0.07 
1242 1 1.91 1 1.86 1.86 1.84 1.87 1.87 1 0.04 1 *0.03 
383 
Appendices 
1391 1.88 1.86 1.85 1.89 1.87 1.87 0.02 -0.02 
1589 1.93 1.92 1.92 1.90 1.91 1.92 
1 
0.01 -0.02 
Shear 
rate (s-1) 
L/D ratio 10 Average Variation 
1 2 3 4 5 Plus Minus 
99 1.24 1.27 1.26 1.24 1.22 1.25 0.02 -0.03 
149 1.27 1.26 1.26 1.31 1.29 1.28 0.03 -0.02 
248 1.36 1.35 1.35 1.36 1.38 1.36 0.02 -0.01 
447 1.51 1.50 1.46 1.46 1.48 1.48 0.03 -0.02 
695 1.57 1.57 1.55 1.54 1.53 1.55 0.02 -0.02 
894 1.66 1.65 1.64 1.73 1.53 1.64 0.09 -0.11 
1043 1.72 1.74 1.77 1.79 1.74 1.75 0.04 -0.03 
1242 1.71 1.71 1.70 1.71 1.78 1.72 0.06 -0.02 
1391 1.71 1.69 1.71 1.72 1.75 1.72 0.03 -0.03 
1589 1.80 1.82 1.79 1.78' 1.70 1.78 1 0.04 
Shear 
rate (s-) 
LJD ratio 20 Average Variation 
1 2 3 4 5 Plus Minus 
99 1.22 1.22 1.22 1.21 1.21 1.22 0.00 -0.01 
149 1.21 1.25 1.24 1.24 1.26 1.24 0.02 -0.03 
248 1.32 1.32 1.30 1.30 1.30 1.31 0.01 -0.01 
447 1.41 1.42 1.41 1.40 1.40 1.41 0.01 -0.01 
695 1.50 1.51 1.48 1.48 1.48 1.49 0.02 -0.01 
894 1.58 1.56 1.54 1.54 1.55 1.55 0.03 -0.01 
1043 1.73 1.60 1.59 1.58 1.59 1.62 0.11 -0.04 
1242 1.61 1.60 1.61 1.62 1.65 1.62 0.03 -0.02 
1391 1.75 1.69 1.64 1.65 1.66 1.68 0.07 -0.04 
1589 1.72 1.66 1.66 1.67 1.66 1.67 0.05 -0.01 
1788 1.72 1.72 1.71 1.71 1.72 1.72 0.00 1 '0.01 
2086 1.74 1.74 1.74 1.75 1.76 1.75 0.01 1 . 0.01 
Table A. 11-19 Swell data for filled PPI. with 60 % Luzenac 1ON100S (PPI-6OT4) 
Shear 
rate (s") 
IJD ratio =0 Average Variation 
1 2 3 4 5 Plus Minus 
99 1.14 1.16 1.19 1.16 1.14 1.16 0.03 -0.02 
149 1.25 1.23 1.27 1.27 1.29 1.26 1 0.03 -0.03 
384 
Appendices 
248 1.35 1.35 1.35 1.36 1.37 1.36 0.01 . 0.01 
447 1.32 1.37 1.48 1.48 1.47 1.42 0.06 -0.10 
695 1.59 1.57 1.54 1.55 1.57 1.56 0.03 -0.02 
894 1.43 1.42 1.45 1.50 1.54 1.47 0.07 -0.05 
1043 1.61 1.58 1.58 1.58 1.59 1.59 0.02 -0.01 
1242 1.54 1.59 1.52 1.57 1.60 1.56 0.04 -0.04 
1391 1.72 1.71 1.71 1.73 1.73 1.72 0.01 -0.01 
1589 1.69 1.66 1.67 1.70 1.73 1.69 0.04 -0.03 
1788 1.74 1.76 1.81 1.84 1.86 1.80 0.06 -0.06 
2086 1.84 1.85 1.88 1.89 1.90 1.87 0.03 -0.03 
2334 1 1.91 1.89 1.89 1.90 1.92 1.90 0.02 -0.01 
2583 1.90 1.90 1.89 1.88 1.88 1.89 0.01 -0.01 
3328 1.98 1.97 1.97 1.98 1.97 1.97 0.01 0.00 
Shear 
rate (s") 
L/D ratio =5 Average Variation 
1 2 3 4 5 Plus Minus 
99 1.06 1.06 1.04 1.05 1.07 1.06 0.01 -0.02 
149 1.10 1.11 1.10 1.12 1.14 1.11 0.03 -0.01 
248 1.14 1.13 1.13 1.14 1.15 1.14 0.01 -0.01 
447 1.15 1.16 1.16 1.16 1.15 1.16 0.00 -0.01 
695 1.19 1.18 1.18 1.18 1.20 1.19 0.01 - -0.01 
894 1.24 1.19 1.19 1.19 1.19 1.20 0.04 -0.01 
1043 1.24 1.24 1.24 1.24 1.24 1.24 0.00 0.00 
1242 1.26 1.24 1.24 1.24 1.24 1.24 0.02 0.00 
1391 1.31 1.31 1.31 1.30 1.33 1.31 0.02 -0.01 
1589 1.36 1.37 1.37 1.35 1.34 1.36 0.01 -0.02 
1788 1.40 1.40 1.39 1.39 1.39 1.39 0.01 0.00 
2086 1.37 1.37 1.38 1.34 1.34 1.36 0.02 -0.02 
2334 1.44 1.43 1.43 1.45 1.46 1.44 0.02 -0.01 
2583 1.47 1.47 1.47 1.47 1.53 1.48 0.05 -0.01 
3328 1.56 1.55 1.55 1.55 1 
1.56 1.55 0.01 0.00 
Shear 
rate (s") 
L/D ratio= 10 Average Variation 
1 2 3 4 5 Plus Minus 
99 1.04 1.07 1.08. 1.07 1.05 1.06 0.02 -0.02 
149 1.03 1.08 1.09 1.09 1.10 1.08 0.02 -0.05 
248 1.15 1.16 1.16 1.15 1.15 1.15 0.01 0.00 
385 
Appendices 
447 1.14 1.14 1.17 1.16 1.17 1.16 0.01 -0.02 
695 1.23 1.23 1.23 1.23 1.24 1.23 0.01 0.00 
894 1.20 1.20 1.18 1.19 1.21 1.20 0.01 -0.02 
1043 1.31 1.31 1.29 1.29 1.29 1.30 0.01 -0.01 
1242 1.35 1.34 1.35 1.33 1.33 1.34 0.01 -0.01 
1391 1.32 1.27 1.30 1.30 1.27 1.29 0.03 -0.02 
1589, 1.34 1.34 1.34 1.35 1.40 1.35 0.05 -0.01 
1788 1.38 1.41 1.41 1.38 1.39 1.39 0.02 -0.01 
2086 1.42 1.45 1.42 1.40 1.40 1.42 0.03 -0.02 
2334 1.48 1.47 1.47 1.47 1.46 1.47 0.01 -0.01 
2583 1.47 1.46 1.46 1.47 1.46 1.46 0.01 0.00 
3328 
Shear 
rate (s-) 
LJD ratio 20 Average Variation 
1 2 3 4 5 Plus Minus 
99 1.00 1.01 1.01 1.02 1.02 1.01 0.01 -0.01 
149 1.03 1.03 1.01 1.02 1.02 1.02 0.01 -0.01 
248 1.04 1.04 1.04 1.03 1.03 1.04 0.00 -0.01 
447 1.11 1.11 1.10 1.09 1.10 1.10 0.01 -0.01 
695 1.16 1.14 1.13 1.13 1.13 1.14 0.02 -0.01 
894 1.19 1.20 1.19 1.19 1.20 1.19 0.01 0.00 
1043 1.21 1.26 1.24 1.24 1.24 1.24 0.02 -0.03 
1242 1 1.27 1.27 1.27 1.27 1 1.28 1.27 0.01 0.00 
1391 1.34 1.32 1.34 1.31 1.32 1.33 0.01 -0.02 
1589 1.31 1.31 1.32 1.31 1.31 1.31 0.01 0.00 
1788 1.36 1.36 1.36 1.35 1.35 1.36 0.00 -0.01 
2086 1.42 1.41 1.40 1.40 1.40 1.41 0.01 -0.01 
2334 1.50 1.50 1.45 1.48 1.46 1.48 0.02 -0.03 
2583 1.43 1.44 1.44 1.44 1.44 1 1.44 0.00 -0.01 
3328 1.48 1 1.48 1 1.48 1 1.48 1.49 
1 1.48 0.01 0.00 
Table A. 11-20 Swell data for filled PP1 with 10 % Luzcnac 20MOOS (PPI-IOT5) 
Shear 
rate (s") 
L/D ratio =0 Average Variation 
1 2 3 4 5 Plus Minus 
99 1.92 2.07 2.02 1.94 1.86 1.96 0.11 -0.10 
149 2.25 2.33 2.29 2.35 2.22 1 0.13 
386 
Appendices 
248 2.32 2.31 2.37 2.44 2.46 2.38 0.08 -0.07 
447 2.69 2.61 2.56 2.49 2.48 2.57 0.12 -0.09 
695 2.72 2.68 2.65 2.57 2.57 2.64 0.08 -0.07 
894 1 2.99 1 2.97 1 2.95 1 2.86 1 2.87 1 2.93 1 0.06 1 -0.07__j 
Shear 
rate (s") 
UD ratio 5 Average Variation 
1 2 3 4 5 Plus Minus 
99 1.30 1.34 1.43 1.43 1.46 
1 
1.39 0.07 -0.09 
149 1.50 1.54 1.54 1.56 1.42 1.51 0.05 . 0.09 
248 1.62 1.57 1.55 1.54 1.56 1.57 0.05 -0.03 
447 1 1.75 1.71 1.70 1.75 1.82 1.75 0.07 -0.05 
695 2.00 2.00 1.97 1.94 1.93 1.97 0.03 -0.04 
894 1.98 1.94 1.94 1.96 1.95 1.95 0.03 -0.01 
1043 2.04 1 2.03 1 2.02 1 2.03 1 2.02 1 _2.03 1 
0.01 -0.01- 
Shear 
rate (s"') 
L/D ratio = 10 Average Variation 
1 2 3 4 5 Plus Minus 
99 1.22 1.32 1.36 1.44 1.37 1.34 0.10 -0.12 
149 1.54 1.56 1.50 1.34 1.36 1.46 0.10 -0.12 
248 1.50 1.51 1.47 1.44 1.44 1.47 0.04 -0.03 
447 1.67 1.68 1.69 1.72 1.76 1.70 0.06 -0.03 
695 1.77 1.78 1.79 1.80 1.80 1.79 0.01 -0.02 
894 1.81 1.83 1.84 1.85 1.85 1.84 0.01 -0.03 
Shear 
rate (s-1) 
L/D ratio = 20 Average Variation 
1 2 3 4 5 Plus Minus 
99 1.27 1.29 1.31 1.32 1.31 1.30 0.02 -0.03 
149 1.37 1.36 1.38 1.39 1.41 1.38 0.03 -0.02 
248 1.44 1.44 1.43 1.43 1.43 1.43 0.01 0.00 
447 1.56 1.55 1.53 1.52 1.52 1.54 0.02 -0.02 
695 
m 
1.63 1.64 1.64 1.64 1.61 1.63 0.01 -0.02 
1.64 1.63 1.63 1.63 1.62 1.63 0.01 -0.01 
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Table A. 11-21 Swell data for filled PPI. with 20 % Luzenac 20MOOS (PP1-20T5) 
Shear 
rate (s") 
UID ratio 0 Average Variation 
1 2 3 4 5 Plus Minus 
99 1.58, 1.63 1.68 1.71 1.75 1 
1.67 0.08 -0.09 
149 2.07 1.99 1.97 1.82 1.79 1.93 0.14 -0.14 
248 2.05 2.11 2.15 2.12 2.12 2.11 0.04 -0.06_ 
447 2.24 2.24 2.28 2.32 2.31 2.28 0.04 . 0.04. 
695 2.47 2.46 2.42 2.33 2.36 2.41 0.06 -0.08 
894 2.55 2.53 2.50 2.55 2.61 2.55 0.06 -0.05 
1043 2.66 2.60 2.61 2.67 2.72 2.65 0.07 -0.05 
1242 2.81 2.74 2.66 2.63 2.54 2.68 0.13 -0.14 
1391 2.72 2.77 2.75 2.68 2.69 2.72 0.05 -0.04 
1589 2.93 2.80 1 2.76 2.79 2.87 2.83 1 0.10 -0.07 
Shear 
rate (s") 
L/D ratio 5 Average Variation 
1 2 3 4 5 Plus Minus 
99 1.27 1.37 1 . 29 
1.31 1.30 1.31 0.06 -0.04 
149 1.34 1.39 1.43 1,44 1.34 1.39 0.05 -0.05 
248 1.53 1.48 1.46 1.44 1.43 1.47 0.06 -0.04_ 
447 1.68 1.64 1.61 1.59 1.58 1.62 0.06 -0.04 
695 1.74 1.73 1.72 1.71 1.70 1.72 0.02 -0.02 
894 1.84 1.85 1.87 1.87 1.87 1.86 0.01 -0.02 
1043 1.96 1.95 1.95 1.96 1.92 1.95 0.01 -0.03 
1242 1.91 1.92 1.90 1.91 1.94 1.92 0.02 -0.02 
1391 1.92 1.92 1.92 1.89 1.90 1.91 0.01 -0.02 
1589 1 1.97 1.96 1 1.97 1 2.04 1 2.04 
1 2.00 1 0.04 1 -0. 
Shear 
rate (s") 
L/D ratio= 10 Average Variation 
1 2 3 4 5 Plus Minus 
99 1.25 1.31 1.29 1.26 1.26 1.27 0.04 -0.02 
149 1.29 1.34 1.32 1.33 1.32 1.32 0.02 -0.03 
248 1.33 1.35 1.35 1.36 1.37 1.35 0.02 -0,02- 
447 1.43 1.45 1.43 1.42 1.42 1.43 0.02 -0.01 
695 1.62 1.57 1.55 1.56 1.58 1.58 0.04 -0.03 
894 1.68 1.66 1 1.64 1 1.65 1 1.65 1.66 0.02 1 0.02 
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1043 1.76 1.73 1.70 1.71 1.75 1.73 0.03 -0.03 
1242 1.78 1.78 1.76 1.74 1.76 1.76 0.02 -0.02 
1 
1391 1.81 1.77 1.76 1.76 1.80 1.78 0.03 -0.02 
1589 1.83 1.81 1.78 1 1.81 1 1.82 1 1.81 1 0.02 1 -0.03 
Shear 
rate (s-1) 
L/D ratio 20 Average Variation 
1 2 3 4 5 Plus Minus 
99 1.06 1.24 1.24 1.23 1.22 1.20 0.04 -0.14 
149 1.24 1.24 1.23 1.29 1.28 1.26 0.03 -0.03 
248 1.26 1.27 1.30 1.30 1.37 1.30 0.07 -0.04_ 
447 1.38 1.38 1.38 1.41 1.41 1.39 0.02 -0.01 
695 1 1.54 1.46 1.44 1.46 1 1.49 1.48 0.06 -0.04 
894 1.57 1.54 1.53 1.54 1.57 1.55 0.02 -0.02 
1043 1.68 1.60 1.59 1.61 1.64 1.62 0*06 -0.03 
1242 1.65 1.63 1.63 1.61 1.61 1.63 0.02 -0.02 
1391 1.72 1 1.69 1.66 1.68 1.70 1.69 0.03 -0.03- 
1589 1.73 1.77 1.69 1.69 1.68 1.71 0.06 -0.03 
1788 1.75 1.75 1.74 1.77 1.77 1.76 0.01 -0.02 
Table A. 11-22 Swell data for filled PP1 with 60 % Luzenac 20MOOS (PPI-6OT5) 
Shear 
rate (s") 
L/D ratio 0 Average Variation 
1 2 3 4 5 Plus Minus 
99 1.18 1.18 1.18 1.18 1.21 1.19 0.02 -0.01 
149 1.24 1.28 1.28 1.21 1.21 1.24 0.04 -0.03 
248 1.32 1.38 1.29 1.28 1.39 1.33 0.06 -0.05 
447 1.37 1.42 1.40 1.35 1.37 1.38 0.04 -0.03 
695 1.48 1.50 1.49 1.45 1.51 1.49 0.02 -0.04 
894 1.51 1.55 1.57 1.52 1.48 1.53 0.64 -0.05 
1043 1.68 1.67 1.67 1.65 1.64 1.66 0.02 -0.02 
1242 1 1.68 1.67 1.67 1.67 1.68 1.67 0.01 0.00 
1391 1.78 1.77 1.77 1.77 1.78 1.77 0.01 0.00 
1589 1.76 1.74 1.78 1.78 1.79 1.77 0.02 -0.03 
1788 1.82 1.83 1.81 1.75 1.73 1.79 0.04 -0.06 
2086 1.86 1.86 1.90 1.91 1.95 1.90 0.05 -0.04 
2334 1.99 2.01 1.95 1.95 1.99 1.98 0.03 -0.03 
2583 1.89 1 1,89 1.78 1.88 1 1.84 1 1.86 1 0.03 1 -0.08 
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3328 2.03 2.00 2.03 2.04 2.06 1 2.03 0.03 -0.0 
3924 2.15 2.09 2.07 2.12 2.09 2.10 
1 
0.05 
1 
-0.03 
Shear 
rate (s-1) 
LID ratio 5 Average Variation 
1 2 3 4 5 Plus Minus 
99 1.09 1.1 1.11 1.09 1.06 1.09 0.02 -0.03 
149 1.11 1.14 1.15 1.13 1.11 1.13 0.02 -0.02 
248 1.2 1.2 1.2 1.2 1.22 1.20 0.02 0.00 
447 1.25 1.27 L. 26 1.25 1.25 1.26 0.01 -0.01 
695 1.32 1.32 1.34 1.37 1.33 1.34 0.03 -0.02 
894 1.33 1.39 1.4 1.43 1.48 1.41 0.07 -0.08 
1043 1.35 1.4 1.3 1.31 1.33 1.34 0.06 -0.04 
1242 1.43 1.44 1.44 1.45 1.45 1.44 0.01 -0.01 
1391 1.49 1.49 1.48 1.48 1.48 1.48 0.01 0.00 
1589 1.59 1.55 1.58 1.5 1.5 1.54 0.05 -0.04 
1788 1.68 1 1.67 1.66 1.66 1.67 1.67 0.01 -0.01 
2086 1.59 1.56 1.57 1.58 1.58 1.58 0.01 -0.02 
2334 1.63 1.64 1.64 1.6 1.5 1.62 0.02 -0.05 
2583 1.58 1.58 1.59 1.59 1.6 1.59 0.01 
Shear 
1) rate (s' 
L/D ratio= 10 Average Variation 
1 2 3 4 5 Plus Minus 
99 1.05 1.11 1.06 1.06 1.06 1 1.07 0.04 -0.02 
149 1.11 1.10 1.10 1.13 1.10 1.11 0.02 -0.01 
248 1.19 1.19 1.19 1.16 1.17 1.18 0.01 -0.02 
447 1.20 1.18 1.21 1.18 1.21 1.20 0.01 -0.02 
695 1.26 1.31 131 1.27 1.26 1.28 0.03 -0.02 
894 1.29 1.29 1.28 1.30 1.30 1.29 0.01 -0.01 
1043 1.35 1.35 1.36 1.34 1.32 1.34 0.02 -0.02 
1242 1.38 1.42 1.42 1.42 1.42 1.41 0.01 -0.03 
1391 1.40 1.41 1.41 1.41 1.42 1.41 0.01 -0.01 
1589 1 1.45 1.50 1.43 1 1.44 1 1.53 1.47 0.06 -0.04 
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Shear 
rate (s") 
L/D ratio 20 Average Variation 
1 2 3 4 5 Plus Minus 
99 1.04 1.05 1.04 1.05 1.02 1.04 0.01 -0.02 
149 1.08 1.07 1 1.11 1.05 1.06 0.05 -0.06 
248 1.19 1.16 1.16 1.16 1.17 1.17 0.02 1 -0.01 
447 1.14 1.15 1.14 1.15 1.17 1.15 0.02 -0.01 
695 1.18 1.18 1.19 1.16 1.17 1.18 0.01 -0.02 
894 1.24 1.24 1.25 1.25 1.25 1.25 0.00 -0.01 
1043 1.27 1.27 1.28 1.23 1.26 1.26 0.02 . 0.03 
1242 1.33 1.34 1.34 1.34 1.34 1.34 0.00 -0.01 
1391 1.34 1.33 1.33 1.33 1.34 1.33 0.01 0.00 
1589 1.35 1.45 1.41 1.35 1.35 1.38 0.07 -0.03 
1788 1.41 1.4 1.38 1.39 1.36 1.39 0.02 . 0.03 
2086 1.42 1.48 1.48 1.46 1.42 1.45 0.03 -0.03 
2334 1.4 1.49 1.48 1.57 1.4 1.47 0.10 -0.07 
2583 1.48 1.46 1.55 1,41 1.56 1.49 0.07 -0.08 
Table A. 11-23 Swell data for filled PPI with 10 % Luzenac OOS (PPI-IOT6). 
Shear 
rate (s") 
L/D ratio =0 Average Variation 
1 2 3 4 5 Plus Minus 
99 1.61 1.64 1.64 1.67 1.71 1.65 0.06 -0.04 
149 1.98 2.08 2.09 2.13 2.10 2.08 0.05 -0.10 
248 2.20 2.19 2.28 2.22 2.19 2.22 0.06 -0.03 
447 2.46 2.49 2.52 2.58 2.59 2.53 0.06 -0.07 
695 2.88 2.82 2.78 2.74 2.71 2.79 0.09 -0.08 
894 2.69 2.89 2.83 1 2.81 1 2.82 2.81 0.08 1 -0.12 
1043 2.91 2.90 2.94 1 2.98 1 3.00 2.95 0.05 1 -0.05_ 
Shear 
rate (s") 
UD ratio =5 Average Variation 
1 2 3 4 5 Plus Minus 
99 1.34 1.34 1.35 1.37 1.36 1.35 0.02 -0.01 
149 1.47 1.45 1.48 1.49 1.54 1.49 0.05 -0.04 
248 1.64 1.61 1.61 1.58 1.58 1.60 0.04 -0.02 
447 1.87 1.88 1.85 1.84 184 1.86 0.02 -0.02 
695 1.98 1.99 1.95 1.95 1.96 1 0.03 -0.01- 
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894 1.95 1.94 2.02 1.93 1.95 1.9ý 0.06 -0.03 
1043 2.00 2.11 2.07 2.07 
1 
2.12 
1 
2.07 
1 
0.05 
1 
-0.07 
Shear 
rate (s") 
L/D ratio= 10 Average Variation 
1 2 3 4 5 Plus Minus 
99 1.33 1.35 1.35 1.33 1.33 1.34 0.01 -0.01 
149 1.47 1.44 1.35 1.35 1.47 1.42 0.05 -0.07 
248 1.52 1.53 1.53 1.58 1.58 1.55 0.03 -0.03 
447 1.76 1.76 1.76 1.76 1.75 1.76 0.00 -0.01 
695 1.85 1.86 1.87 1.85 1.83 1.85 OaO2 -0.02 
894 1.83 1.9 1.93 1.93 1.7 1.91 0.06 -0.08 
1043 1.94 1.93 1.93 1.93 1.94 1.93 0.01 0.00 
Shear 
rate (s-1) 
LID ratio = 20 Average Variation 
1 2 3 4 5 Plus Minus 
99 1.35 1.33 1.33 1.34 1.34 1.34 0.01 -0.01 
149 1.39 1.35 1.36 1.38 1.39 1.37 0.02 -0.02 
248 1.47 1.42 1.45 1.44 1.44 1.44 0.03 -0.02 
447 1.53 1.51 1.52 1.52 1.52 1.52 0.01 -0.01 
695 1.64 1.63 1.61 1.60 1.62 1.62 0.02 . 0.02 
894 1.86 1.86 1.85 1 1.84 1.81 1 1.84 1 0.02 -0.03 
Table A. 11-24 Swell data for filled PP1 with 20 % Luzenac OOS (PPI-2OT6). 
Shear 
rate (s") 
LJD ratio =0 Average Variation 
1 2 3 4 5 Plus Minus 
99 1.79 1.76 1.75 1.73 1.71 1.75 0.04 -0.04 
149 1.92 1.95 2.01 1.98 1.92 1 1.96 0.05 -0.04 
248 2.18 2.12 2.09 2.08 2.06 2.11 0.07 -0.05 
447 2.36 2.34 2.32 2.29 2.21 2.30 0.06 -0.09 
695 2.47 2.46 2.46 2.49 2.49 2.47 0.02 -0.01 
894 2.66 2.46 2.46 2.49 2.49 1 2.51 0.15 -0.05 
1043 2.55 2.63 2.59 0.04 -0.04 
1242 2.66 2.60 2.61 2.64 2.68 2.64 1 0.04 -0.04 
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Shear 
rate (s") 
L/D ratio 5 Average Variation 
1 2 3 4 5 Plus Minus 
99 1.28 1.36 1.35 1.33 1.31 1.33 0.03 -0.05 
149 1.42 1.39 1.36 1.39 1.50 1.41 0.09 -0.05 
248 1.44 1.40 1.42 1.48 1.52 1.45 0.07 -0.05 
447 1.58 1.57 1.60 1.61 1.64 1.60 0.04 -0.03 
695 1.76 1.75 1.72 1.71 1.71 1.73 0.03 -0.02 
894 1.82 1.82 1.81 1.81 1.84 1.82 0.02 -0.01 
1043 1.93 1.93 1.91 1.89 1.89 1.91 0.02 -0.02 
1242 1.91 1.90 1.90 1.91 1.94 1.91 0.03 -0.01 
1391 1.96 1.95 1 1.96 1 1.97 1.97 1.96 
1 
0.01 -0.01 
Shear 
rate (s-1) 
L/D ratio = 10 Average Variation 
1 2 3 4 5 Plus Minus 
99 1.30 1.34 1.35 1.33 1.31 1.33 0.02 -0.03 
149 1.31 1.31 1.33 1.35 1.38 1.34 0.04 -0.03 
248 1.40 1 1.40 1.40 1.40 1.39 1.40 0.00 -0.01 
447 1.60 1.55 1.53 1.51 1.52 1.54 0.06 -0.03 
695 1.64 1.62 1.59 1.58 1.58 1.60 0.04 -0.02 
894 1.74 1.70 1.67 1.68 1.69 1.70 0.04 -0.03 
1043 1.76 1.75 1.72 1.71 1.71 1.73 0.03 -0.02 
1242 1.87 1.85 1.84 1.80 1.81 1.83 0.04 -0.03 
1391 1.95 1 1.94 1 1.87 1 1.87 1.87 1.90 1 0.05 -0.03 
Shear 
rate (s") 
LID ratio = 20 Average Variation 
1 2 3 4 5 Plus Minus 
99 1.26 1.27 1.26 1.26 1.25 1.26 0.01 -0.01 
149 1.32 1.29 1.29 1.31 1.24 1 1.29 0.03 -0.05 
248 1.30 1.29 1.30 1.31 1.34 1.31 0.03 -0.02 
447 1.41 1.40 1.40 1.39 1.42 1.40 0.02 -0.01 
695 1.54 1.54 1.54 1.53 1.53 1.54 0.00 -0.01 
894 1.57 1.57 1.56 1.57 1.58 1 1.57 0.01 -0.01 
1043 1.59 1.57 1.57 1.58 1.61 1.58 0.03 -0.01 
1242 1.65 1.65 1.63 1.63 1.61 1.63 0.02 -0.02 
1391 1.71 1.66 1 1.65 1 1.65 1.69 1.67 0.04 1 -0.02 
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Table A. 11-25 Swell data for filled PPI. with 60 % Luzenac OOS (PPI-6OT6). 
Shear 
rate (s-1) 
L/D ratio 0 Average Variation 
1 2 3 4 5 Plus Minus 
99 1.19 1.17 1.18 1.17 1.16 1.17 0.02 -0.01 
149 1.24 1.24 1.25 1.22 1.18 1.23 0.02 -0.05 
248 1.32 1 1.36 1.36 
1.31 1.30 1.33 0.03 -0.03 
447 1.42 1.43 1.44 1.42 1.41 1.42 0.02 -0.01 
695 1.47 1.55 1.57 1.52 1.48 1.52 0.05 -0.05 
894 1.52 1.57 1.57 1.52 1.49 1.53 0.04 -0.04 
1043 1 1.58 1.58 1.60 1.62 1.62 1.60 0.02 -0.02 
1242 1.54 1.58 1.62 1.66 1.65 1.61 0.05 -0.07 
1391 1.65 1.67 1.71 1.72 1.68 1.69 0.03 -0.04 
1589 1.68 1 1.68 1.74 1.69 1.68 1.69 0.05 -0.01 
1788 1.66 1.71 1.71 1.71 1.70 1.70 0.01 -0.04 
2086 1.73 1.76 1.76 1.75 1.75 1.75 6.01 -0.02 
2334 1.75 1.80 1.79 1.80 1.83 1.79 0.04 -0.0 
2583 1.89 1.89 1.88 1.88 1.84 1.88 0.01 -0.04 
3328 2.06 2.04 2.04 2.03 2.06 2.05 0.01 -0.02 
3924 2.13 2.06 1 2.10 1 2.20 2.08 2.11 1 0109 -0.05 
Shear 
rate (s-1) 
LJD ratio 5 Average Variation 
1 2 3 4 5 Plus Minus 
99 1.05 1.03 1.04 1.06 1.06 1.05 0.01 -0.02 
149 1.08 1.08 1.08 1.07 1.08 1.08 0.00 -0.01 
248 1.07 1.07 1.09 1.09 1.08 1.08 0.01 -0.01 
447 1.14 1.15 1.15 1.16 1.16 1.15 0.01 -0.01 
695 1.19 1.2 1.2 1.21 1.2 1.20 0.01 -0.01 
894 1.2 1.21 1.2 1.22 1.22 1.21 0.01 -0.01 
1043 1.29 1.29 1.3 1.31 1.3 1.30 0.01 -0.01 
1242 1.3 1 1.31 1.3 1.31 1.31 1.31 0.00 
- 
-0.01 
1391 1.32 1.32 1.3 1.32 1.32 1.32 0.00 -0.02 
1589 1.34 1.33 1.34 1.37 1.37 1.35 0.02 -0.02 
1788 1.35 1.37 1.35 1.35 1.36 1.36 0.01 -0.01 
2086 1.38 1 1.36 1.36 1.38 1.38 1.37 0.01 -0.01 
2334 1.39 1.39 1.4 1.41 1.4 1.40 0.01 -0.01 
2583 1.44 1.44 1.42 1.39 1.4 1.42 0.02 -0.03 
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3328 1.44 1.45 1.45 1.47 1.47 1.46 0.01 -0.02 
3924 1.52 1.52 1.54 1.54 1.53 1.53 0.01 -0.01 
Shear 
rate (s-1) 
L/D ratio 10 Average Variation 
2 3 4 5 Plus Minus 
99 1.03 1.03 1.02 1.03 1.02 1.03 0.00 . 0.01 
149 1.03 1.04 1.03 1.04 1.04 1.04 0.00 -0.01 
248 1.09 1.08 1.08 1.07 1.07 1.08 0.01 -0.01- 
447 1.11 1.11 1.12 1.12 1.1 1.11 1 0.01 -0.01 
695 1.14 1.15 1.15 1.16 1.16 1.15 0.01 -0.01 
894 1.16 1.17 1.17 1.17 1.17 1.17 0.00 -0.01 
1043 1.18 1.2 1.21 1.22 1.23 1.21 0.02 -0.03 
1242 1.21 1.21 1.22 1.24 1.24 1.22 0.02 -0.01 
1391 1.24 1.25 1.27 1.26 1.25 1.25 0.02 -0.01 
1589 1.26 1.28 1.27 1.28 1.27 1.27 0.01 -0.01 
1788 1.33 1.31 1.31 1.33 1.32 1.32 0.01 -0.01 
2086 1.34 1 . 35 
1.35 1.35 1.36 1.35 0.01 -0.01- 
2334 1.32 1.36 1.36 1.36 1.35 1.35 0.01 -0.03 
2583 1.37 1.37 1.37 1.38 1.32 1.36 0.02 -0.04 
3328 1.45 1.45 1.44 1.43 1.42 1.44 0.01 -0.02 
3924 1.42 3 1.44 1 1.43 1.43 0.01 -0.01 1 
Shear 
rate (s") 
L/D ratio = 20 Average Variation 
1 2 3 4 5 Plus Minus 
99 1.06 1.06 1.07 1.07 1.07 1.07 0.00 -0.01 
149 1.07, 1.11 1.1 1.1 1.1 1.10 0.01 -0.03 
248 1.12 1.12 1.12 1.12 1.12 1.12 0.00 0.00 
447 1.17 1.16 1.16 1.16 1.16 1.16 0.01 0.00 
695 1.2 1.18 1.19 1.19 1.19 1.19 0.01 -0.01 
894 1.24 1.24 1.23 1.23 1.23 1.23 0.01 0.00 
1043 1.26 1.26 1.27 1.27 1.27 1.27 0.00 -0.01 
1242 1.33 1.34 1.34 1.34 1.34 1.34 0.00 -0.01 
1391 13 .3 , 
-11.3 1.3 1.31 1.3 1.30 0.01 0.00 
1589 
E3 
1 1.3 1.3 1.3 1.3 1.30 0.01 0.00 
1788 1.34 1.33 1.34 1.33 1.33 1.33 0.01 0.00 
2086 1.38 1.36 1.37 1.35 1.36 1.36 0.02 -0.01 
2334 1.57 1.5 1.49 1.47 1.42 1.49 1 0.08 -0.07 
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2583 1.32 1.3 1.3 1.29 1.29 1.30 0.02 -0.01 
3328 1.48 1.47 1.47 1.49 1.49 1.48 0.01 -0.01 
3924 1.56 '1.54 1.53 1.52 1.53 1.54 0.02 -0.02 
Table A. 11-26 Extrudate Swell data PP1 filled with 40-weight percentage of 
uncoated talc T3 (PPI-4OT3). 
Shear 
rate (s*') 
L/D ratio 0 Average Variation 
1 2 3 4 5 Plus Minus 
99 1.30 1.32 1.34 1.36 1.35 1.33 0.03 -0.03 
149 1.30 1.34 1.37 1.49 1.47 1.39 0.10 -0.09 
248 1.58 1.67 1.68 1.64 1.65 1.64 0.04 -0.06 
447 1.86 1 1.86 1.85 1.78 1.85 1.84 0.02 -0.06 
695 1.97 1.97 1.97 1.98 1.97 1.97 0.01 0.00 
894 2.01 2.04 2.04 1.94 1.93 1 1.99 0.05 -0.06 
1043 2.11 2.07 2.06' 2.06 2.07 2.07 0.04 -0.01 
1242 1 2.12 2.09 2.08 2.06 2.03 2.08 0.04 -0.05 
1391 2.14 2.15 2.13 2.14 2.12 2.14 0.01 -0.02 
1589 2.27 2.26 2.25 2.24 2.22 1 2.2S 0.02 -0.03 
1788 2.26 2.27 2.26 2.26 2.18 2.25 0.02 -0.07 
2086 2.35 2.34 2.42 2.38 2.39 2.38 0.04 -0.04 
2334 2.47 2.49 2.43 2.45 2.49 2.47 0.02 -0.04 
2583 2.64 2.63 2.52 2.55 2.5 2.58 0.06 -0.06 
3328 1 2.89 2.92 2.84 2.86 2.86 2.87 0.05 -0.03 
Shear 
rate (s") 
L/D ratio 5 Average Variation 
1 2 3 4 5 Plus Minus 
99 1.11 1.11 1.13 1.12 1.12 1 1.12 0.01 -0.01 
149 1.14 1.15 1.15 1.15 1.15 1.15 0.00 -0.01 
248 1.24 1.24 1.25 1.25 1.23 1.24 0.01 -0.01 
447 1.34 1.36 1.36 1.36 1.35 1.35 0.01 -0.01 
695 1.39 1.37 1.41 1.41 1.41 1.40 0.01 -0.03 
894 1.47 1.48 1.48 1.48 1.48 1.48 0.00 -0.01 
1043 1.54 1.55 1.55 1.55 1.55 1.55 0.00 - -0.01 
1242 1.57 1.58 1.59 1.59 1.55 1.58 0.01 -0.03 
1391 1.60 1.61 1.60 1.60 1.57 1.60 0.01 -0.03 
1589 1.63 1.61 1.60 1.60 1.61 1.61 0.02 -0.01 
396 
Appendices 
1788 1.65 1.64 1.64 1.64 1.65 1.64 1 0.01 0.00 
2086 1.70 1.70 1.72 1.73 1.74 1.72 0.02 -0.02 
2334 1.80 1.80 1.80 1.77 1.75 1.78 0.02 -0.03 
2583 1.78 1.81 1.81 1.80 1.85 1.81 0.04 -0.03 
3328 1.91 1.91 1.88 1.84 1.81 1.87 0.04 -0.06 
3924 1.98 1.95 1.91 1.88 1.86 1.92 0.06 -0.06 
5265 2.24 2.26 2.29 2.27 2.29 2.27 0.02 0.03 
Shear 
rate (s-') 
L/D ratio= 10 Average Variation 
1 2 3 4 5 Plus Minus 
99 1.04 1.09 1.05 1.00 1.09 1 1.05 0.04 -0.05 
149 1.11 1.11 1.08 1.12 1.15 1.11 0.04 -0.03 
248 1.12 1.20 1.15 1.21 1.20 1.18 0.03 -0.06 
447 1.25 1.23 1.22 1.25 1.20 1.23 0.02 -0.03 
695 1.30 1.32 1.21 1.34 1.25 1.28 0.06 -0.07 
894 1.32 1.33 1.35 1.21 1.41 1.32 0.09 -0.11- 
1043 1.45 1.32 1.35 1.25 1.35 1.34 0.11 -0.09 
1242 1.34 1.42 1.41 1.40 1.44 1.40 0.04 -0.06 
1391 1.41 1.52 1.41 1.38 1.33 1.41 0.11 -0.08 
1589 1.52 1.41 1.35 1.33 1.38 1.40 0.12 -0.07 
1788 1.52 1.53 1.54 1.48 1.50 1.51 0.03 -0.03 
2086 1.55 1.56 1.58 1.42 1.60 1.54 0.06 -0.12 
2334 1.60 1.55 1.68 1.66 1.54 1.61 0.07 -0.07 
2583 1.60 1.61 1.66 1.62 1.61 1.62 0.04 -0.02 
3328 1.62 1.59 1 1.55 1 1.68 1.68 1.62 0.06 1 "0.07 
Shear 
rate (s-1) 
L/D ratio 20 Average Variation 
1 2 3 4 5 Plus Minus 
99 1.04 1.09 1.10 1.00 1.09 1 
1.06 0.04 -0.06 
149 1.10' 1.11 1.08 1.12 1.00 1.08 0.04 -0.08 
248 1.02 1 1.10 1.15 1.21 1.03 1.10 0.11 -O. OS 
447 1.13 1.18 1.12 1.13 1.14 1.14 0.04 _ -0.02 
695 1.16 1.25 1.16 1.17 1.15 1 1.18 0.07 -0.03 
894 1.21 1.21 1.22 1.21 1.16 1.20 0.02 -0.04 
1043 1.14 1.16 1.25 1.30 1.14 1.20 0.10 -0-06 
1242 1.22 1.25 1.23 1.31 1.33 1.27 0.06 -0.05 
1391 1.20 1.29 1 1.30 1.10 1.31 1 1.24 0.07 1 -0.14 
397 
Appendices 
1589 1.25 1.28 1.26 1.22 1.30 1.26 1 0.04 -0.04 
1788 1.33 1.32 1.36 1.34, 1.31 1.33 0.03 -0.02 
2086 1.35 1.36 1.38 1.23 1.30 1.32 0.06 -0.09 
2334 1.38 1.45 1.30 1.31 1.32 1.35 0.10 -0.05 
2583 1.36 1.32 1.35 1.45 1. 1.36 0.09 -0.0 
3328 1.45 1.33 1.32 1.38 1.37 1.37 0.08 -0.05- 
Table A. 11-27 Extrudate Swell data PP1 filled with 40-weight percentage of 
coated talc T3 with 1% of coating A-137 PP1 (PPI-4OT3-1C3). 
Shcar 
rate (s") 
UD ratio 0 Averagc Variation 
1 2 3 4 5 Plus Minus 
99 1.47 1.47 1.47 1.48 1.45 1.47 0.01 -0.02 
149 1.52 1.52 1.50 1.49 1.48 1.50 0.02 -0.02 
248 1.71 1.73 1.74 1.75 1.75 1.74 0.01 -0.03 
447 1.86 1.86 1.87 1.87 1.87 1.87 0.00. -0.01 
695 2.06 2.04 2.02 2.03 2.03 2.04 0.02 -0.02 
894 1 2.06 2.04 2.01 1.98 1 2.00 2.02 0.04 -0.04 
1043 2.10 2.14 2.18 2.19 2.18 2.16 0.03 -0.06 
1242 2.21 2.21 2.21 2.22 2.22 2.21 0.01 0.00 
1391 2.35 2.33 2.23 2.36 2.36 2.33 0.03 -0.10- 
1589 2.25 2.20 2.19 2.16 2.22 2.20 0.05 -0.04 
1788 2.42 2.36 2.40 2.39 2.35 2.38 0.04 -0.03 
2086 2.1 2.35 2.35 2.31 2.34 2.34 0.02 -0.03 
2334 
1 
2.40 1 2.38 2.34 2.37 2.37 2.37 0.03 -0.03 
Shear 
rate (s-1) 
L/D ratio 5 Average Variation 
1 2 3 4 5 Plus Minus 
99 1.14 1.47 1.47 L48 1.45 1.40 0.08 -0.26 
149 1.16 1.16 1.16 1.17 1.15 1.16 0.01 -0.01 
248 1.27 1.27 1.27 1.27 1.27 1.27 0.00 0.00 
447 1.37 1.37 1.37 1.37 1.36 1 1.37 0.00 -0.01 
695 1.44 1.44 1.44 1.44 1.43 1.44 0.00 -0.01 
894 1.47 1.47 1.46 1.46 1.45 1.46 0.01 -0.01 
1043 1.51 1 1.49 1.49 1.49 1.46 1.49 0.02 -0.03 
1242 1.56 1.56 L. 56 1.55 1.55 1.56 0.00 -0.01 
1391 1.62 1.62 1.62 1 1.59 1.59 1.61 0.01 -0.02 
398 
Appendices 
1589 1.60 1.60 1.59 1.59 1.55 1.59 0.01 -0.04 
1788 1.65 1.65 1.60 1.61 1.60 1.62 0.03 -0.02 
2086 1.70 1.69 1.68 1.63 1.65 1.67 0.03 -0.04 
2334 1.78 1.78 1.77 1.76 1.73 1.76 0.02 -0.03 
2583 1.73 1.73 1.74 1.70 1.70 1.72 0.02 -0.02 
3328 1.84 1.84 1.83 1.83 1.84 1.84 0.00 -0.01 
3924 1.93 1.92 1.92 1.92 1.92 1.92 0.01 0.00 
Shear 
rate (sý) 
LJD ratio= 10 Average Variation 
1 2 3 4 5 Plus Minus 
99 1.11 1.09 1.10 1.10 1.09 1.10 0.01 -0.01 
149 1.14 1.16 1.14 1.14 1.14 1.14 0.02 0.00 
248 1.21 1.21 1.22 1.21 1.21 1.21 0.01 0.00 
447 1.32 1.32 1.32 1.32 1.31 1.32 0.00 -0.01 
695 1.39 1.39 1.39 1.39 1.39 1.39 0.00 0.00 
894 1.46 1.45 1.44 1.44 1 1.44 1.45 0.01 -0.01 
1043 1.50 1.49 1.49 1.49 1.49 1.49 0.01 0.00 
1242 1.56 1.53 1.53 1.54 1.53 1.54 0.02 -0.01 
1391 1.60 1.57 1.58 1.57 1.59 1.58 1 0.02 -0.01 
1589 1.57 1.56 1.56 1.56 1.57 1.56 0.01 0.00 
1788 1.72 1.76 1.67 1.68 1.68 1.70 0.06 -0.03 
2086 1.82 1 1.80 1.80 1.80 1.81 1.81 0.01 -0.01- 
2334 1.85 1.83 1.83 1.83 1.83 1.83 0.02 0.00 
2583 1.83 1.83 1.81 1.83 1.81 1.82 0.01 -0.01 
3328 1 1.82 1.79 1.82 1.82 1.82 1.81 0.01 1 0.02 
3924 1 1.78 1.73 1 1.72 1 1.71 1.72 1 1.73 1 0.05 
1 
-0.02 
Shear 
rate (s*') 
L/D ratio = 20 Average Variation 
1 2 3 4 5 Plus Minus 
99 1.34 1.33 1.32 1.32 1.30 1.32 0.02 -0.02 
149 1.35 1.34 1.33 1.33 1.34 1.34 0.01 -0.01 
248 1.40 1 1.41 1.42 1.42 1.42 1.41 0.01 -0.01 
447 1.50 1.50 1.49 1.50 1.49 1.50 0.00 -0.01 
695 1.59 1.60 1.59 1.61 1.60 1.60 0.01 -0.01 
894 1.66 1.66 1.66 1.66 1.66 1.66 0.00 0.00 
1043 1.72 1.70 1.70 1.70 1.71 1.71 0.01 -0.01 
1242 1.74 1.75 1.75 1.76 1.74 1.75 0.01 . 0,01 
399 
Appendices 
Table A. 11-28 Extrudate, Swell data PPI filled with 40-weight percentage of 
coated talc T3 with 2% of coating A-137 PPI. (PP1-40T3-2C3)- 
Shear 
rate (s-) 
L/D ratio 0 Average Variation 
1 2 3 4 5 Plus Minus 
99 1.30 1.40 1.37 1.36 1.34 1.35 0.05 -0.05 
149 1.52 1.50 1.50 1.51 1.52 1.51 0.01 -0.01 
248 1.72 1.72 1.71 1.73 1.72 1.72 0.01 -0.01 
447 1.88 1.85 1.88 1.87 1.87 1.87 0.01 -0.02 
695 2.04 2.03 2.02 2.03 2.03 2.03 0.01 -0.01 
894 2.17 2.17 2.08 2.14 2.14 2.14 0.03 -0.06 
1043 2.17 2.17 2.12 2.14 2.15 2.15 0.02 -0.03 
1242 2.23 2.23 2.20 2.22 2.22 2.22 0.01 -0.02 
1391 2.31 2.26 2.27 2.28 2.28 2.28 0.03 -0.02 
1589 2.28 2.27 2.27 2.26 2.27 2.27 0.01 . 0.01 
1788 2.28 2.26 2.27 2.27 2.27 2.27 0.01 -0.01 
2086 2.28 2.28 2.28 2.27 2.29 2.28 0.01 -0.01 
2334 2.34 2.35 2.32 2.34 2.33 2.34 0.01 -0.02 
2583 '2.37 2.32 2.36 2.35 2.35 2.35 0.02 -0.03 
3328 2.56 2.62 2.55 2.54 2.61 2.58 0.04 -0.04 
3924 2.56 2.56 2.56 1 2.55 2.57 2.56 0.01 -0.01 
5265 2.46 2.46 2.49 1 2.47 1 2.47 1 2.47 0.02 -0.01 
Shear 
rate (s") 
L/D ratio 5 Average Variation 
1 2 3 4 5 Plus Minus 
99 1.13 1.13 1.13 1.14 1.12 1.13 0.01 . 0.01 
149 1.17 1.17 1.16 1.15 1.19 1.17 0,02 -0.02 
248 1.25 1.29 1.3 1.28 1.28 1.28 
. 
0.02 -0.03 
447 1.34 1.35 1.32 1.33 1.35 1.34 0.01 -0.02 
695 1.42 1.42 1.43 1.43 1.42 1.42 0.01 -0.01 
894 1.5 1.49 1.48 1.48 1.50 1.49 0.01 -0.01 
1043 1.54 1.52 1.52 1.54 1.51 1.53 0.01 -0.02 
1242 1.54 1.56 1.55 1.54 1.56 1.55 0.01 -0.01 
1391 1.61 1.68 1.65 1.62 1 1.68 1.65 0.03 -0.04 
1589 1.62 1.62 1.63 1.64 1.61 1.62 0.02 
_-0.02 
1788 1.78 1.74 1.77 1.73 1.80 1 1.76 0.03 -0.03 
400 
Appendices 
2086 1.76 1.75 1.75 1.77 1.74 1.75 0.02 -0.02 
2334 1.91 1.86 1.91 1.86 1.93 1.89 0.03 -0.03 
2583 1.8 1.84 1.86 1.82 1.85 1.83 0.03 -0.03 
3328 1.88 1.87 1.89 1.88 1.88 1.88 0.01 -0.01 
3924 1.89 1.9 1.9 1.88 1.78 1.87 0.03 - . 0.09 
5265 1.95 1.95 1.97 1.96 1.97 1.96 0.01 
Shear 
rate (s-1) 
L/D ratio 10 Average Variation 
1 2 3 4 5 Plus Minus 
99 1.14 1.14 1.14 1.13 1.12 1 1.13 0.01 -0.01 
149 1.18 1.18 1.16 1.18 1.15 1.17 0.01 -0.02 
248 1.22 1.23 1.22 1.23 1.22 1.22 0.01 0.00 
447 1.32 1.32 1.34 1.30 1.32 1.32, 0.02 -0.02 
695 1.42 1.41 1.42 1.41 1.41 1.41 0.01 -0.01 
894 1.44 1.46 1.44 1.47 1.46 1.45 0.01 -0.01 
1043 1.48 1.50 1.52 1.48 1.51 1.50 0.02 -0.02 
1242 1.55 1.54 1.5 5 1.53 1.53 1.54 0.01 -0.01 
1391 1.58 1.52 1.54 1.54 1.52 1.54 0.04 -0.02 
1589 1.61 1.61 1.61 1.61 1.61 1.61 0.00 0.00 
1788 1.68 1.71 1.71 1.71 1.73 1.71 0.02 -0.03 
2086 1 1.74 1.79 1.79 1.78 1.82 1.78 0.04 -0.04 
2334 1.82 1.82 1.81 1.82 1.80 1.81 0.01 -0.01 
2583 1.82 1.82 1.81 1.83 1.81 1.82 0.01 -0.01 
3328 1.83 1 1.81 1.82 1.80 1.79 1.81 0.02 -0.02 
3924 1.74 1.76 1.78 1.77 1.82 1.77 0.05 -0.03 
5265 
Shear 
rate (s") 
LID ratio 20 Average Variation 
1 2 3 4 5 Plus Minus 
99 1.32 1.33 1.29 1.30 1.31 1 1.31 0.02 -0.02 
149 1.32 1.32 1.33 1.31 1.32 1.32 0.01 -0.01 
248 1.49 1.49 1.50 1.48 1.51 1.49 0.01 -0.01 
447 1.60 1.61 1.66 1.62 1.63 1.62 0.04 -0.02 
695 1.67 1.70 1.72 1.70 1.70 1 1.70 0.02 -0.03 
894 1.70 1.70 1.69 1.68 1.72 1.70 0.02 -0.02 
1043 1.68 1.67 1.64 1.64 1.69 1.66 0.02 -0.02 
1242 1.66 1.67 1.66 1.65 1.68 1.66 1 0.01 -0.01- 
401 
Appendices 
1391 1.70 1.68 1.63 1.63 1.71 1.67 0.04 -0.04 
1589 1.61 1.60 1.60 1.64 1.57 1.60 0.04 -0.04 
1788 1.62 1.64 L. 65 1.65 1.63 1.64 0.01 -0.02 
2086 1.65 1.63 1.59 1.65 1.60 1.62 0.03 -0.03 
2334 1.56 1.57 1.62 1.57 1.60 1.58 0.04 -0.02 
2583 1.62 1.68 1.72 1.67 1.68 1.67 0.05 -0.05 
3328 1.68 1.67 1.64 1.64 1.69 1.66 1 
0.02 
1 -0.02 
Table A. 11-29 Extrudate Swell data PP1 filled with 40-weight percentage of 
coated talc T3 with 5% of coating A-137 PP1 (PPl-40T3-5C3). 
Shear 
rate (s-1) 
LA) ratio 0 Average Variation 
1 2 3 4 5 Plus Minus 
99 1.58 1.59 1.57 1.57 1.55 1.57 0.02 -0.02 
149 1.60 1.66 1.70 1.67 1.66 1.66 0.04 -0.06 
248 1.90 1.89 1.90 1.91 1.90 1.90 0.01 -0.01- 
447 2.11 2.10 2.12 2.10 2.10 2.11 0.01 -0.01 
695 2.22 2.21 2.22 2.22 2.23 2.22 0.01 -0.01 
894 2.36 2.35 2.34 2.32 2.30 2.33 0.03 -0.03 
1043 2.41 2.41 2.39 2.42 2.42 2.41 0.01 -0.02 
1242 2.46 2.46 2.47 2.46 2.44 2.46 0.01 -0.02 
1391 2.54 2.53 2.51 2.53 2.53 2.53 0.01 -0.02 
1589 2.49 2.44 2.42 2.37 2.37 2.42 0.07 -0.05 
1788 2.47 2.44 2.43 2.42 2.45 2.44 0.03 -0.02 
2086 2.71 2.69 2.63 2.61 2.57 2.64 0.07 -0.07_ 
2334 2.71 2.69 2.63 2.61 2.57 2.64 0.07 -0.07 
2583 2.76 2.71 2.70 2.75 2.76 2.74 0.02 -0.04 
3328 2.78 2.79 2.83 2.84 2.88 2.82 0.06 -0.04_ 
3924 3.08 3.08 0.00 0.00 
Shear 
rate (s-1) 
UD ratio =5 Average Variation 
1 2 3 4 5 Plus Minus 
99 1.19 1.20 1.20 1.20 1.19 1.20 0.00 -0.01 
149 1.25 1.24 1.23 1.22 1.20 1.23 0.02 -0.03 
248 1.32 1.32 1.33 1.34 1.35 1.33 0.02 -0.01 
447 1. 1.46 1.47 1.48 1.49 1.47 0.02 -0.01 
695 1.56 1.56 1.56 1.52 1.60 1.56 1 0.04 1 -0.04 
402 
Appendices 
894 1.62 1.61 1.69 1.62 1.66 1.64 
1 0,05 -0.03 
1043 1.69 1.67 1.68 1.68 1.68 1.68 0.01 -0.01 
1242 1.76 1.74 1.74 1.72 1.78 1.75 0.03 -0.03 
1391 1.75 1.75 1.74 1.76 1.74 1.75 0.01 -0.01 
1589 1.77 1 1.77 1.76 1.74 1.80 1.77 0.03 -0.03 
1788 1.81 1.79 1.78 1.78 1.81 1.79 0.02 -0.01 
2086 1.87 1.86 1.86 1.85 1.88 1.86 0.01 -0.01 
2334 1.88 1.86 1.89 1.88 1.88 1.88 0.01 -0.02 
2583 1.96 1.93 1.91 1.91 1.96 1.93 0.03 -0.02 
3328 2.08 2.08 2.06 2.06 2.09 2.07 0.01 -0.01 
3924 2.17 2.12 1 2.12 2.15 2.13 2.14 1 0.03 0.02 
Shear 
rate (s-1) 
LID ratio = 10 Average Variation 
1 2 3 4 5 Plus Minus 
99 1.31 1.32 1.41 1.35 1.34 1.35 0.06 -0.04 
149 1.48 1.44 1.43 1.45 1.45 1.45 0.03 -0.02 
248 1.53 1.55 1.56 1.54 1.56 1.55 0.01 -0.02 
447 1.63 1.65 1.68 1.66 1.65 1.65 0.03 -0.02 
695 1.75 1.76 1.76, 1.75 1.77 1.76 0.01 -0.01 
894 1.85 1.87 1.90 1.88 1.87 1.87 0.03 -0.02 
1043 1.90 1.90 1.92 1.92 1.90 1.91 0.01 -0.01 
1242 1.91 1.96 1.94 1.94 1.94 1.94 1 0.02 . 0.03 
1391 1.84 1.83 1.84 1.83 1.85 1.84 0.01 -0.01 
1589 1.89 1.86 1.87 1.85 1.90 1.87 0.02 -0.02 
1788 1.90 1.90 1.89 1.89 1.91 1.90 0.01 . 0.01 
2086 1.98 1.97 1.95 1.97 1.97 1.97 0.01 -0.02 
2334 1.92 1.89 1.90 1.89 1.92 1.90 0.02 -0.01 
2583 1.95 1.97 2.00 1.97 1.98 1.97 0.03 -0.02 
3328 1.77 1.81 1.86 0.05 "0.0 
3924 2.01 2.00 1.98 1.98 2.02 2.00 0.02 -0.02 
Shear 
rate (s") 
L/D ratio = 20 Average Variation 
1 2 3 4 5 Plus Minus 
99 1.29 1.29 1.33 1.29 1.32 1.30 0.03 -0.02 
149 1.32 1.32 1.33 1.34 1.31 1.32 0.01 -0.01 
248 1.41 1.41 1.42 1.43 1.40 1.41 0.01 -0.01 
447 1.53 1.56 1.58 1.58 1.54 1.56 0.02 -0.03 
403 
Appendices 
695 1.66 1.65 1.68 1.73 1.60 1.66 0.06 -0.06 
894 1.72 1.72 1.73 1.75 1.70 1.72 0.02 -0.02 
1043 1.76 1.78 1.80 1.79 1.77 1.78 0.02 -0.02 
1242 1.84 1.83 1.86 1.87 1.82 1.84 0.02 -0.02 
1391 1.86 1.86 1.84 1.86 1.85 1.85 0.01 -0.01 
1589 1.82 1.76 1.76 1.76 1.80 1.78 0.04 -0.02 
1788 1.76 1.75 1.75 1.77 1.74 1.75 0.01 -0.01 
2086 1.72 1.70 1.70 1.70 1.72 1.71 0.01 -0.01 
2334 1.77 1.74 1 1.71 1.78 1.70 1.74 1 0.04 -0.04 
2583 1.78 1.81 1.80 1.83 1.77 1.80 0.03 -0.03 
3328 1.95 1.92 1.92 1.96 1.90 1.93 0.03 -0.03 
3924 2.01 2.03 2.13 2.12 2.00 2.06 0.07 -0.06 
Table A. 11-30 Extrudate Swell data PPI filled with 40-weight percentage of 
coated talc T3 with 10% of coating A-137 PP1 (PPl-40T3-lOC3). 
Shear 
rate (s") 
U) ratio 0 Average Variation 
1 2 3 4 5 Plus Minus 
99 1.67 1.65 1.59 1.63 1.65 1.64 1 0.03 -0.05 
149 1.72 1.70 1.70 1.86 1.56 1.71 0.15 -0.15 
248 1.86 1.90 1.89 2.05 1.72 1.88 0.17 -0.17 
447 2.05 2.08 2.06 2.06 2.07 2.06 0.02 -0.0 1 
695 2.25 2.25 2.29 2.26 2.27 2.26 0.03 -0.01 
894 2.29 2.32 2.35 2.27 2.37 2.32 0.05 -0.05 
1043 2.26 2.34 2.36 2.31 2.33 2.32 0.04 -0.06 
1242 2.43 2.40 2.41 2.40 2.43 2.41 1 0.02 -0.01 
1391 2.50 2.48 2.44 2.42 2.53 2.47 0.05 -0.05 
1589 2.36 2.37 2.43 2.40 2.38 2.39 0.04 -0.03 
1788 2.44 2.41 2.41 2.40 2.44 2.42 0.02 -0.02 
2086 2.63 1 2.46 1 2.50 1 2.53 2.53 2.53 0.10 . 0.07 
2334 2.49 1 2.49 1 2.49 1 2.45 2.53 2.49 0.04 
1 
-0.04 
Shear 
rate (s") 
L/D ratio =5 Average Variation 
1 2 3 4 5 Plus Minus 
99 1.19 1.19 1.17 1.18 1.19 1.18 0.01 -0.01 
149 1.20 1.22 1.22 1.21 1.22 1.21 0.01 -0.01 
248 1.32 1.32 1 1.32 1 1.31 1 1.23 1.30 0.02 "0.07 
404 
Appendices 
447 1.42 1.42 1.42 1.43 1.41 1.42 0.01 . 0.01 
695 1.55 1.55 1.54 1.53 1.57 1.55 0.02 -0.02 
894 1.59 1.57 1.54 1.56 1.58 1.57 0.02 -0.03 
1043 1.64 1.62 1.62 1.63 1.63 1.63 0.01 -0.01 
1242 1.65 1.66 1.70 1.65 1.69 1.67 0.03 -0.02 
1391 1.70 1.69 1.74 1.74 1.68 1.71 0.03 -0.03 
1589 1.75 1.75 1.74 1.75 1.75 1.75 0.00 . 0.01 
1788 1.81 1.78 1.77 1.78 1.80 1.79 0.02 -0.02 
2086 1.82 1.85 1.86 1.82 1.87 1.84 0.02 -0.02 
2334 1.87 1.82 1.81 1.84 1.83 1.83 0.04 -0.02 
2583 1.82 1.91 1.92 1.89 1.88 1.88 0.04 -0.06 
3328 2.00 1.97 1.96 1.99 1.97 1.98 1 0.02 -0.02 
3924 2.00 2.06 2.04 2.05 2.02 2.03 0.03 -0.03 
5265 2.19 2.17 2.13 2.15 
Shear 
rate (s") 
L/D ratio 10 Average Variation 
1 2 3 4 5 Plus Minus 
99 1.43 1.40 1.38 1.39 1.40 1.40 0.03 -0.02 
149 1.52 1.48 1.45 1.47 1.48 1.48 0.04 -0.03 
248 1.49 1.53 1.55 1.52 1.51 1.52 0.03 1 -0.03 
447 1.61 1.61 1.65 1.59 1.64 1.62 0.03 -0.03 
695 1.71 1.71 1.76 1.74 1.73 1.73 0.03 -0.02 
894 1.74 1.73 1.74 1.72 1.77 1.74 0.03 -0.02 
1043 1.74 1.71 1.73 1.72 1.73 1.73 0.01 -0.01 
1242 1.75 1.74 1.73 1.73 1.75 1.74 0.01 -0.01 
1391 1.80 1.78 1.78 1.79 1.80 1.79 0.01 -0.01 
1589 1.80 1.74 1 . 39 
1.79 1.48 1.64 1 0.16 . 0.25 
1788 1.75 1.75 1.70 1.68 1.77 1.73 0.04 -0.05 
2086 1.79 1.76 1.77 1.75 1.78 1.77 0.02 -0.02 
2 334 1.79 1.77 1.74 1.81 1.74 1.77 0.04 -0.03 
2583 1.79 1.81 1.74 1.80 1.76 1.78 1 0.03 -0.04 
3328 2.08 2.20 2.02 1.98 2.22 2.10 0.12 -0.12 
3924 2.06 2.00 2.07 2.04 0.03 1 0.04 
405 
Appendices 
Shear 
rate (s"') 
L/D ratio = 20 Average Variation 
1 2 3 4 5 Plus Minus 
99 1.12 1.19 1.16 1.16 1.17 1.16 0.03 -0.04 
149 1.20 1.20 1.19 1.18 1.23 1.20 0.03 -0.02 
248 1.26 1.26 1.26 1.24 1.28 1.26 0.02 -0.02 
447 1.34 1.34 1.34 1.35 1.33 1.34 0.01 -0.01 
695 1.43 1.42 1.42 1.41 1.42 1.42 0.01 -0.01 
894 1.48 1.47 1.46 1.46 1.48 1.47 0.01 -0.01 
1043 1.51 1.51 1.50 1.49 1.54 1.51 0.03 -0.02 
1242 1.57 1.54 1.53 1.55 1.56 1.55 0.02 -0.02 
1391 1.59 1.58 1.56 1.58 1.59 1.58 0.01 -0.02 
1589 1.63 1.61 1.61 1.52 1.73 1.62 0.11 -0.10 
1788 1.72 1.71 1.71 1.70 1.71 1.71 0.01 -0.01 
2086 1.81 1.79 1.76 1.80 1.79 1.79 0.02 -0.03 
2334 1.79 1.79 1.79 1.77 1.81 1.79 0.02 -0.02 
2583 1.77 1.74 1.73 1.73 1.78 1.75 0.03 -0.02 
3328 1.79 1.73 1.73 1.74 1.76 1.75 0.04 . 0.02 
3924 1.82 1.81 1.77 1.80 1.80 1.80 0.02 -0.03 
5265 1.82 1.83 1.84 1.82 1.84 1.83 0.01 1 -0-01 
Table A. 11-31 Extrudate swell data for 1% wax. 
Shear 
rate (s") 
L/D ratio 0 Average Variation 
1 2 3 4 5 Plus Minus 
99 1.34 1.41 1.37 1.36 1.37 1.37 0.04 -0.03 
149 1.53 1.54 1.55 1.52 1.56 1.54 0.02 -0.02 
248 1.83 1.82 1.85 1.81 1.84 1.83 0.02 -0.02 
447 2.05 2.04 2.05 2.04 2.07 2.05 0.02 -0.01 
695 2.11 2.20 2.24 2.15 2.20 1 2.18 0.06 -0.07 
894 2.29 2.28 2.19 2.19 2.30 2.25 0.05 -0.06 
1043 2.36 2.33 2.33 2.35 2.33 2.34 0.02 -0.01 
1242 2.41 2.37 2.35 2.36 2.41 2.38 0.03 0.03 
1391 2.41 2.40 2.37 2.40 2.37 2.39 0.02 -0.02 
1589 2.34 2.35 2.36 2.40 2.30 2.35 0.05 -0.05 
1788 2.44 2.38 2.46 2.39 2.48 2.43 0.05 -0.05 
2086 2.37 2.36 2.36 2.37 2.34 1 2.36 
_ 
1 0.01 *0,02 
Appendices 
2334 2.42 2.44 2.46 2.45 2.43 2.44 0.02 -0.02 
2583 2.56 2.56 2.57 2.55 2.56 2.56 0.01 -0.01 
3328 2.65 2.63 2.60 2.61 2.66 2.63 0.03 -0.03 
3924 
1 
2.79 
-1 
2.69 2.72 
1 
2.69 2.76 
1 
2.73 0.06 
1 -0.04 
Shear 
rate (s-1) 
LID ratio 5 Average Variation 
1 2 3 4 5 Plus Minus 
99 1.37 1.32 1.29 1.30 1.37 1.33 0.04 -0.04 
149 1.41 1.40 1.40 1.39 1.40 1.40 0.01 -0.01 
248 1.57 1.55 1.55 1.55 1.58 1.56 0.02 -0.01 
447 1.67 1.67 1.69 1.66 1.71 1.68 0.03 -0.02 
695 1.76 1.75 1.75 1.75 1.74 1.75 1 0.01 -0.01 
894 1.82 1.80 1.80 1.81 1.82 1.81 0.01 . 0.01 
1043 1.84 1.82 1.81 1.82 1.81 1.82 0.02 -0.01 
1242 1 1.83 1.83 1.82 1.83 1.84 1.83 0.01 -0.01 
1391 1.87 1.86 1.84 1.85 1.88 1.86 0.02 -0.02 
1589 1.82 1.77 1 . 76 1.79 1.76 1.78 0.04 -0.02 
1788 1.81 1.80 1.81 1.80 1.83 1.81 0.02 -0.01 
2086 1.80 1.81 1.83 1.86 1.75 1.81 0.05 -0.06 
2334 1.87 1.82 1.80 1.84 1.82 1.83 0.04 -0.03 
2583 1.76 1.79 1.81 1.82 1.77 1.79 0.03 -0.03 
3328 2.07 2.41 2.40 2.40 2.17 2.29 0.12 -0.22 
Shear 
rate (s") 
LJD ratio 10 Average Variation 
1 2 3 4 5 Plus Minus 
99 1.12 1.12 1.08 1.10 1.13 1.11 0.02 -0.03 
149 1.15 1.15 1.12 1.11 1.17 1.14 0.03 -0.03 
248 1.21 1.21 1.20 1.20 1.23 1.21 0.02 -0.01 
447 1.33 1.30 1.29 1.30 1.33 1.31 0.02 -0.02 
695 1.40 1.39 1.38 1.40 1.38 1.39 0.01 -0.01 
894 1.45 1.41 1.42 1.42 1.45 1.43 0.02 -0.02 
1043 _ 
1242 1.53 1.51 1.49 1.52 1.50 1.51 0.02 -0.02 
1391 1.55 1.52 1.50 1.52 1.51 1.52 0.03 -0.02 
1589 1.56 1.54 1.56 1.54 1.55 1.55 0.01 -0.01 
1788 . 55 1.53 1 1.51 1.53 1.53 1.53 0.02 1 -0. 
2086 1.64 1.62 1 1.57 1 1.60 1 1.62 1.61 -0.04 
407 
Appendices 
2334 1.69 1.66 1.67 1.66 1.67 1.67 0.02 . 0,01 
2583 1.70 1.71 1.63 1.70 1.66 1.68 0.03 -0.05 
3328 1.76 1.76 1.74 1.75 1.74 1.75 0.01 -0.01 
3924 1.75 1.72 1.70 1.72 1.71 1.72 0.03 -0.02 
Shear 
rate (s-1) 
L/D ratio 20 Average Variation 
1 2 3 4 5 Plus Minus 
99 1.13 1.14 1.12 1.13 1.13 1.13 0.01 -0.01 
149 1.18 1.18 1.12 1.15 1.17 1.16 0.02 -0.04 
248 1.18 1.21 1.22 1.20 1 1.19 1.20 0.02 -0.02 
447 1.27 1.28 1.29 1.25 1.31 1.28 0.03 -0.03 
695 1.36 1.35 1.36 1.35 1.38 1.36 1 0.02 -0.01 
894 1.39 1.40 1.42 1.39 1.40 1.40 0.02 -0.01 
1043 1.38 1.40 1.41 1.40 1.41 1.40 0.01 -0.02 
1242 1.45 1.46 1.49 1.46 1.49 1.47 0.02 -0.02 
1391 1.49 1.47 1.45 1.46 1.48 1.47 0.02 -0.02 
1589 1.52 1.49 1.50 1.49 1.50 1.50 0.02 -0.01 
1788 1.61 1.52 1.47 1.52 1.53 1.53 0.08 -0.06 
2086 1.58 1.57 1.57 1.57 1.56 1.57 1 0.01 -0.01 
2334 1.63 1.61 1.60 1.60 1.61 1.61 0.02 -0.01 
2583 1.63 1.63 1 1.63 1.62 
1.64 1.63 0.01 -0.01 
3328 1.65 1.62 1.62 1.64 1.62 1.63 0.02 -0.01 
3924 1.70 1.67 1.67 1.67 1.69 1.68 0.02 -0.01 
I , 
Table A. 11-32 Extrudate swell data for 2% wax. 
Shear 
rate (s*') 
L/D ratio =0 Average Variation 
1 2 3 4 5 Plus Minus 
99 1.35 1.40 1.35 1.36 1.39 1.37 0.03 -0.02 
149 1.34 1.48 1.47 1.36 1.50 1.43 0.07 -0.09 
248 1.81 1.86 1.86 1.85 1.82 1.84 0.02 -0.03 
447 1.98 1.97 1.99 1.97 1.99 1.98 0.01 -0.01 
695 2.14 2.09 2.07 2.10 2.10 2.10 0.04 -0.03 
894 2.19 2.18 2.12 2.12 2.19 2.16 0.03 -0.04 
1043 2.25 2.24 2.25 1 2.23 1 2.28 2.25 0.03 1 -0.02 
408 
Appendices 
1242 2.32 2.29 2.22 2.29 2.28 
1 2.28 0.04 1 -0.06 
1391 2.33 2.30 2.28 2.30 2.29 2.30 0.03 -0.02 
1589 2.45 2.42 2.40 2.41 2.42 2.42 0.03 -0.02 
1788 2.52 2.43 2.45 2.50 2.45 2.47 0.05 -0.04 
2086 1 2.54 2.50 2.55 2.50 
2.56 2.53 0.03 -0.03 
2334 2.49 2.47 2.44 2.45 2.50 2.47 0.03 . 0.03 
2583 2.56 2.55 2.55 2.52 2.57 2.55 0.02 -0.03 
3328 2.55 2.51 2.47 1 2.51 2.51 2.51 0.04 -0.04 
3924 2.82 2.77 2.69 1 2.76 2.76 2.76 0.06 -0.07 
Shear 
rate (s-1) 
UD ratio 5 Average Variation 
1 2 3 4 5 Plus Minus 
99 1.12 1.15 1.14 1.13 1.16 1.14 0.02 -0.02 
149 1.21 1.19 1.18 1.19 1.18 1.19 
El 
' 1 9 0.02 -0.01 
248 1.34 1.34 1.32 1.33 1.32 l 3 3 0.01 -0.01 
447 1.41 1.44 1.50 1.46 1.44 I 
AC 1.45 0.05 -0.04 
695 1.51 1.55 1.52 1.52 1.55 1.53 0.02 -0.02 
894 1.82 1.71 1.72 
_1.74 
1.76 1.75 0,07 -0.04 
1043 1.72 1.73 1.76 1.73 1.76 1.74 0.02 -0.02 
1242 1.77 1.77 1.76 1.78 1.77 1.77 0.01 -0.01 
1391 1.82 1.82 1.80 1.80 1.81 1.81 0.01 -0.01 
1589 1.77 1.74 1.76 1.75 1.78 1.76 0.02 -0.02 
1788 1 1.76 1.76 1.75 1.76 
1.77 1.76 0.01 -0.01 
2086 1.81 1.77 1.79 1.79 1.79 1.79 0.02 -0.02 
2334 1.82 1.84 1.84 1.84 1.81 1.83 0.01 -0.02 
2583 1.81 1.81 1.82 1.82 1.79 1.81 0.01 1 -0.02 
328 1.85 1.87 1.88 1.86 1.89 0,02 -0.02 
Shear 
rate (s") 
L/D ratio= 10 Average Variation 
1 2 3 4 5 Plus Minus 
99 1 
1.07 1.13 1.11 1.09 1.10 1.10 0.03 -0.03 
149 1.16 1.15 1.14 1,13 1.17 1.15 0.02 -0.02 
248 1.21 1.21 1.20 1.19 1.24 1.21 0.03 -0.02 
447 1.29 1.29 1.29 1.27 1.31 1.29 0.02 -0.02 
695 1.40 1.39 1.36 1.37 1.38 1.38 0.02 -0.02 
894 1.45 1.44 1.43 1.44 1.44 1.44 0.01 -0.01 
1043 1.47 1.46 1.46 1 1.47 1 1.44 1.46 0.01 -0.02 
409 
Appendices 
1242 1.54- 1.54 1.52 1.52 1.53 1.53 0.01 -0.01 
1391 1.75 1.72 1.72 1.74 1.72 1.73 0.02 -0.01 
1589 1.68 1.68 1.66 1.65 1.68 1.67 0.01 -0.02 
1788 1.65 1.64 1.64 1.66 1.61 1.64 1 0.02 -0.03 
2086 1.65 1.64 1.65 1.64 1.67 1.65 0.02 -0.01 
2334 1.68 1.63 1.63 1.67 1.64 1.65 0.03 -0.02 
2583 1.75 1.72 1.69 1.71 1.73 1.72 0.03 -0.03 
3328 1.93 1.91 1.95 1.92 1.94 1.93 0.02 -0.02 
1.98 1.98 1.97 1.98 1.99 1.98 0.01 . 0.01 
Shear 
rate (s"') 
L/D ratio 20 Average Variation 
1 2 3 4 5 Plus Minus 
99 1.24 1.21 1.19 1.20 1.21 1.21 1 0.03 . 0.02 
149 1.22 1.22 1.24 1.21 1.26 1.23 0.03 -0.02 
248 1.31 1.31 1 1.32 1.30 1.31 1.31 0.01 -0.01 
447 1.38 1.38 1.38 1.37 1.41 1.38 0.03 -0.01 
695 1 1.46 1.46 1.46 1.45 1.47 1.46 0.01 -0.01 
894 1.53 1.52 1.52 1.52 1.51 1.52 0.01 -0.01 
1043 1.57 1.57 1.57 1.56 1.58 1.57 0.01 -0.01 
1242 1.65 1.64 1.63 1.63 1.65 1.64 1 0.01 -0.01 
1391 1.74 1.76 1.76 1.74 1.75 1.75 0.01 -0.01 
1589 1.76 1.77 1.79 1.76 1.77 1.77 0.02 -0.01 
1788 1.82 1.81 1.81 1.81 1.80 1.81 0.01 -0.01 
Table A. 11-33 Extrudate swell data for PP1 filled with 40-weight percentage of 
coated talc T3 with coupling A-1100 PP1 (PPl-40T3-CI). 
Shear 
1) rate (s" 
LJD ratio 0 Average Variation 
1 2 3 4 5 Plus Minus 
99 1.27 1.27 1.26 1.27 1.26 1.27 0.00 -0.01 
149 1.44 1.43 1.43 1.43 1.44 1.43 0.01 0.00 
248 1.63 1.61 1 1.59 1.61 1.63 1.61 0.02 -0.02 
447 1.77 1.77 1.79 1.78 1.78 1.78 0.01 -0.01 
695 1.83 1.82 1.85 1.85 1.84 1.84 0.01 -0.02 
894 1 1.89 1.89 1.90 1.88 1.92 1.90 0.02 -0.02 
1043 1.98 1.97 1.98 1.96 1.96 1.97 0.01 -0.01 
1242 1.99 1.98 1.98 1.98 1.98 1.98 0.01 0.00 
Appendices 
1391 2.03 2.04 2.05 
1 2.05 2.05 2.04 0.01 -0.01 
1589 2.03 2.04 2.07 2.10 2.10 2.07 0.03 -0.04 
1788 2.12 2.11 2.11 2.13 2.11 2.12 0.01 -0.01 
2086 2.22 2.22 2.22 2.22 2.21 2.22 0.00 -0.01 
2334 2.39 2.39 2.38 2.39 2.40 2.39 0.01 -0.01 
2583 2.41 2.40 2.41 2.40 2.40 2.40 0.01 0.00 
3328 2.59 2.58 2.62 2.60 2.59 2.60 0.02 -0.02 
3924 2.83 2.91 2.72 2.80 2.72 2.80 0.11 . 0.08 
5265 2.74 2.79 2.81 2.81 2.81 2.79 0.02 -0-05 
Shear 
rate (s") 
L/D ratio 5 Average Variation 
1 2 3 4 5 Plus Minus 
99 1.12 1.11 1.11 1.11 1.11 1.11 0.01 0.00 
149 1.14 1.16 1.15 1.14 1.14 1.15 0.01 -0.01 
248 1.2 1.21 1.21 1.21 1.22 1.21 0.01 -0.01 
447 1.27 1.27 1.26 1.26 1.27 1.27 0.00 -0.01 
695 1.35 1.34 1.34 1.34 1.34 1.34 0.01 0.00 
894 1.42 1.42 1.43 1.42 1.43 1.42 0.01 0,00 
1043 1.47 1.46 1.46 1.46 1.46 1.46 0.01 0.00 
1242 1.5 1.51 1.49 1.5 1.48 1.50 0.01 -0.02 
1391 1.54 1.58 1.56 1.56 1.56 1.56 0.02 -0.02 
1589 1.54 1.58 1.56 1.56 1.56 1.56 0.02 -0.02 
1788 1.6 1.61 1.61 1.58 1.56 1.59 0.02 -0.03 
2086 1.61 1.6 1.61 1.61 1.63 1.61 0.02 -0.01 
2334 1.69 1.67 1.66 1.68 1 1.67 1.67 0.02 -0.01 
2583 1.72 1.73 1.73 1.75 1.76 1.74 0.02 -0.02 
3328 1.76 1.77 1.78 1.8 1.77 1.78 0.02 -0.02 
3924 1.86 1.86 1.86 1.84 1.84 1 1.85 101 1 '0.01 
Shear 
rate (sý) 
L/D ratio = 10 Average Variation 
1 2 3 4 5 Plus Minus 
99 1.09 1.09 1.08 1.09 1.09 1.09 0.00 -0.01 
149 1.12 1.12 1.11 1.12 1.12 1.12 0.00 -0.01 
248 1.18 1.18 1.17 1.18 1.17 1.18 0.00 -0.01 
447 1.23 1.22 1.22 1.21 1.21 1.22 0.01 -0.01 
695 1.31 1.31 1.31 1.31 1.32 1.31 0.01 0. 
894 1.33 1.34 1.36 1.35 1 1.35 1 1.35 1 0.01 -0.02 
411 
Appendices 
1043 1.38 1.39 1.38 1.38 1.37 1.38 0.01 -0.01 
1242 1.43 1.44 1.43 1.45 1.45 1.44 0.01 -0.01 
1391 1.45 1.46 1.45 1.4 2 1.44 1.44 0.02 -0.02 
1589 1.44 1.45 1.44 1.43 1.43 1.44 0.01 -0.01 
1788 1.49 1.49 1.48 1.48 1.48 1.48 0.01 0.00 
2086 1.53 1.53 1.51 1.51 1.51 1.52 0.01 -0.01 
2334 1.56 1.55 1.55 1.55 1.55 1.55 0.01 0.00 
2583 1.57 1.56 1.57 1.57 1.57 1.57 0.00 -0.01 
3328 1.66 1.65 1.65 1.65 1.64 1.65 0.01 -0.01 
3924 1 1.74 1.76 1.76 1.75 1.75 1.75 0.01 -0.01 
5265 1 1.89 1.77 1.85 1.84 1 1.81 1.83 0.06 1 0.06 
Shear 
rate (s-1) 
L/D ratio = 20 Average Variation 
1 2 3 4 5 Plus Minus 
99 1.01 1.01 1.01 1.02 1.01 1.01 0.01 0.00 
149 1.11 1.11 1.11 1.12 1.10 1.11 0.01 -0.01 
248 1.15 1.14 1.14 1.14 1.15 1.14 0.01 0.00 
447 1.20 1.19 1.19 1.19 1.19 1.19 0.01 0.00 
695 1.27 1.27 1.26 1.26 1.26 1.26 0.01 0.00 
894 1.31 1.35 1.35 1.35 1.35 1.34 0.01 -0.03 
1043 1.39 1.41 1.39 1.40 1.40 1.40 0.01 -0.01 
1242 1.40 1.39 1.40 1.40 1.40 1.40 0.00 -0.01 
1391 1.43 1.42 1.43 1.43 1.43 1.43 0.00 -0.01 
1589 1.45 1.45 1.46 1.45 1.45 1.45 0.01 0.00 
1788 1.49 1.49 1.49 1.49 1.48 1.49 0.00 -0.01 
2086 1.50 1.51 1 1.51 1.51 1.52 1.51 0.01 -0.01 
2334 1.52 1.53 1.54 1.54 1.54 1.53 0.01 -0.01 
2583 1.59 1.59 1.60 1.59 1.58 1.59 0.01 -0.01 
3328 1.57 1.58 1.58 1.60 1.61 1.59 0.02 -0.02 
Table A. 11-34 Extrudate swell data for PP1 filled with 40-weight percentage of 
coated talc T3 with coupling Polybond (PPl-40T3-C2). 
Shear 
rate (s"') 
L/D ratio =0 Average Variation 
1 2 3 4 5 Plus Minus 
99 1.32 1.32 1.33 1.32 1.33 1.32 0.01 0.00 
149 1.36 1.38 1.43 1.44 1.44 1.41 0.03 -0.05 
412 
Appendices 
248 1.56 1.59 1.58 
1 1.59 1.59 1 1.58 0.01 -0.02 
447 1.74 1.74 1.71 1.65 1.62 1.69 0.05 -0.07 
695 1.86 1.86 1.87 1.86 1.79 1.85 0.02 -0.06 
894 1.93 1.94 1.91 1.87 1.81 1.89 0.05 -0.08 
1043 1 2.02 2.02 2.01 1.96 
1.95 1.99 0.03 -0.04 
1242 1.96 1.98 1.94 1.96 1.98 1.96 0.02 -0.02 
1391 2.01 2.01 2.01 2.00 2.00 2.01 0.00 -0.01 
1589 2.07 2.06 2.06 2.05 2.04 2.06 0.01 -0.02 
1788 2.05 2.06 2.06 2.06 2.00 2.05 0.01 -0.05 
2086 2.19 2.11 2.10 2.10 2.06 2.11 0.08 -0.05 
2334 2.03 2.04 2.04 2.07 2.08 2.05 0.03 -0.02 
2583 2.24 2.23 2.21 2.18 2.13 2.20 0.04 -0.07 
3328 2.15 2.25 2.20 2.20 2.19 2.20 0.05 -0.05 
3924 2.38 2.39 2.36 2.36 1 2.32 2.36 0.03 0.04 
Shear 
rate (s") 
L/D ratio 5 Average Variation 
1 2 3 4 5 Plus Minus 
99 1.01 1.02 1.02 1.02 1.02 1.02 0.00 -0.01 
149 1.06 1.04 1.05 1.04 1.05 1.05 0.01 -0.01 
248 1.11 1.13 1.14 1.13 1.13 1.13 0.01 -0.02 
447 1.19 1.19 1.19 1.19 1.19 1.19 0.00 0.00 
695 1.29 1.29 1.27 1.28 1.28 1.28 0.01 -0.01 
894 1.32 1.34 1.36 1.4 0 1.41 1.37 0.04 -0.05 
1043 1.36 1.38 1.39 1.41 1.40 1.39 0.02 -0.03 
1242 1.46 1.46 1.45 1.45 1.47 1.46 0.01 -0.01 
1391 1.47 1.55 1.49 1.48 1.46 1.49 1 0.06 -0.03 
1589 1.51 1.52 1.53 1.54 1.52 1.52 0.02 -0.01 
1788 1.52 1.54 1.54 1.56 1.56 1.54 0.02 -0.02 
2086 1.58 1.58 1.59 1.59 1.57 1.58 0.01 -0.01 
2334 1.67 1.64 1.62 1.64 1.66 . 65 0.02 -0.03 
2583 1.67 1.67 1.68 1.71 1.72 1.69 0.03 -0.02 
3328 1.71 1.72 1.73 1.70 1.75 1.772 0.03 -0.02 
3924 1.77 1.77 1.78 1.79 1 1.79 1.78 1 0.01 -0.01 
Shear 
rate (s-') 
L/D ratio= 10 Average Variation 
1 2 3 4 5 Plus Minus 
99 1.04 1.05 1.04 1 1.04 1 1.04 1 1.04 1 0.01 0.00 1 
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149 1.10 1.08 1.07 1.07 1.07 1.08 0.02 1 -0.01 
248 1.13 1.14 1.13 1.13 1.13 1.13 0.01 0.00 
447 1.21 1.21 1.21 1.20 1.21 1.21 0.00 -0.01 
695 1.29 1.29 1.29 1.29 1.29 1.29 0.00 0.00 
894 1.37 1.38 1.38 1.38 1.38 1.38 0.00 -0.01 
1043 1.42 1.41 1.40 1.40 1.40 1.41 0.01 -0.01 
1242 1.45 1.45 1.44 1.44 1.45 1.45 0.00 -0.01 
1391 1.48 1.46 1.46 1.46 1.49 1.47 0.02 -0.01 
1589 1.51 1.51 1.53 1.53 1.52 1.52 0.01 -0.01 
1788 1.54 1.53 1 1.52 1.52 1.50 1.52 0.02 -0.02 
2086 1.66 1.64 1.63 1.62 1.61 1.63 0.03 -0.02 
2334 1.62 1.60 1.59 1.59 1.60 1.60 0.02 -0.01 
2583 1.69 1.68 1.67 1.67 1.67 1.68 0.01 -0.01 
3328 1.74 1.73 1.71 1.74 1.76 1.74 0.02 -0.03 
3924 1 1.78 1.76 1.76 1.75 1.77 1.76 0.02 1 '0.01 
Shear 
rate (s-1) 
UD ratio 20 Average Variation 
1 2 3 4 5 Plus Minus 
99 1.06 1.05 1.06 1.07 1.04 1.06 0.01 . 0.02 
149 1.08 1.09 1.08 1.06 1.04 1.07 0.02 -0.03 
248 1.11 1.11 1 1.10 1.10 1.07 1.10 0.01 -0.03 
447 1.17 1.17 1.16 1.17 1.16 1.17 0.00 -0.01 
695 1 1.31 1.32 1.32 1.31 1.31 1.31 0.01 0.00 
894 1.38 1.38 1.38 1.37 1.37 1.38 0.00 -0.01 
1043 1.35 1.35 1 1.35 1.35 1.35 1.35 0.00 0.00 
1242 1.37 1.40 1.40 1.39 1.40 1.39 0.01 -0.02 
1391 1 1.40 1.40 1.40 1.39 1 1.39 1.40 0.00 -0.01 
1589 1 1.43 1.43 1.43 1.43 1 1.43 1 1.43 0.00 0.00 
Table A. 11-35 Extrudate swell data for PPI filled with 40-weight percentage of 
coated talc T3 with coupling agents (PP1-40T3-CI-C2). 
Shear 
I rate (s' ) 
L/D ratio =0 Average Variation 
1 2 3 4 5 Plus Minus 
99 1 1.28 1.30 1.30 1.28 
1.30 1.29 
1 
0.01 -0.01 
149 1.42 1.43 1.43 1.49 1.50 1.45 0.05 -0.03 
248 1.50 1.51 1.63 1.63 1.63 1.58 0.05 1 . 0.08 
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447 1.78 1.78 1.78 1.77 1.77 1.78 1 0.00 -0.01 
695 1.92 1.92 1.90 1.92 1.91 1.91 0.01 -0.01 
894 1.94 1.93 1.95 1.96 1.96 1.95 0.01 -0.02 
1043 1.95 1.94 1.94 1.90 1.93 1.93 0.02 -0.03 
1242 2.02 1.96 1.98 1.99 2.02 A. 99 0.03 -0.03 
1391 2.13 2.13 2.12 2.09 2.09 2.11 0.02 -0.02 
1589 2.06 2.08 2.12 2.12 2.09 2.09 0.03 -0.03 
1788 2.17 2.17 2.16 2.16 2.17 2.17 0.00 -0.01 
2086 2.26 2.22 2.23 2.24 2.22 2.23 0.03 -0.01 
2334 2.29 2.28 2.30 2.29 2.24 2.28 0.02 -0.04 
2583 2.35 2.34 2.30 2.27 2.18 2.29 0.06 -0.11 
3328 2.27 2. 2.39 2.42 2.42 2.37 0.05 -0.10 
3924 2.64 2.65 2.60 1 2.67 2.67 2.65 0.02 0.05 
Shear 
rate (s-1) 
LID ratio 5 Average Variation 
1 2 3 4 5 Plus Minus 
99 1.04 1.05 1.05 1.07 1.07 1.06 0.01 -0.02 
149 1.11 1.11 1.11 1.11 1.11 1.11 0.00 0.00 
248 1.23 1.23 1 1.23 1.23 1.23 1.23 0.00 0.00 
447 1.31 1.31 1.31 1.31 1.31 1.31 0.00 0.00 
695 1 1.40 1.41 1.41 
1.40 1.40 1.40 0.01 0.00 
894 1.48 1.48 1.46 1.46 1.46 1.47 0.01 -0.01 
1043 1.55 1.54 1.54 1.54 1.53 1.54 0.01 -0.01 
1242 1.56 1.57 1.56 1.56 1.56 1.56 0.01 0.00 
1391 1.57 1.57 1.55 1.56 1.56 1.56 0.01 -0.01 
1589 1.60 1.59 1.60 1.59 1.62 1.60 0.02 -0.01 
1788 1.62 1.62 1.65 1.66 1.62 1.63 0.03 -0.01 
2086 1.69 1.69 1.68 1.68 1.65 1.68 0.01 -0.03 
2334 1.74 1.74 1.73 1.71 1.72 1.73 0.01 -0.02 
2583 1.76 1.76 1.76 1.76 1.75 1.76 0.00 -0.01 
3328 1.79 1.78 1.79 1 1.78 1.78 1.78 0.01 0.00 
3924- [- i. 79 1.78 1.79 1.82 1.80 1.80 0.02 -0.02 
Shear 
rate (s") 
L/D ratio 10 Average Variation 
1 2 3 4 5 Plus Minus 
99 1.07 1.08 1.07 1.07 1.07 1.07 0.01 0.00 
149. 1.10 1.12 1.13 1.10 1.11 1.11 0.02 
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248 1.19 1.19 1.19 1.19 1.19 1.19 0.00 0.00 
447 1.30 1.29 1.29 1.29 1.29 1.29 0.01 0.00 
695 1.37 1.36 1.37 1.37 1.37 1.37 0.00 -0.01 
894 1 1.42 1.42 1.43 
1.42 1.42 1.42 0.01 0.00 
1043 1.43 1.42 1.46 1.46 1.46 1.45 0.01 -0.03 
1242 1.52 1.52 1.52 1.51 1.50 1.51 0.01 -0.01 
1391 1.53 1.53 1.53 1.54 1.54 1.53 0.01 0.00 
1589 1.56 1.55 1.55 1.54 1.54 1.55 0.01 -0.01 
1788 1.60 1.60 1.59 1.57 1.56 1.58 0.02 -0.02 
2086 1.56 1.55 1.60 1.61 1.61 1.59 0.02 -0.04 
2334 1.63 1.63 1.62 1.61 1.61 1.62 0.01 -0.01 
2583 1.70 1.69 1.69 1.70 1.73 1.70 0.03 -0.01 
3328 1.74 1.73 1.71 1.74 1.76 1.74 0.02 -0.03 
3924 1.77 1.75 1.74 1.76 1 1.78 1,76 0.02 -0.02 
Shear 
rate (s") 
L/D ratio 20 Average Variation 
1 2 3 4 5 Plus Minus 
99 
1 
1.09 1.10 1.09 1.08 1.07 1.09 0.01 -0.02 
149 1.12 1.10 1.10 1.11 1.12 1.11 0.01 . 0.01 
248 1.16 1.16 1.15 1.15 1.15 1.15 0.01 0.00 
447 1.25 1.25 1.26 1.26 1.26 1.26 0.00 -0.01 
695 1.35 1.35 1.35 1.35 1.35 1.35 0.00 0.00 
894 1.41 1.41 1.41 1.40 1.41 1.41 0.00 -0.01 
1043 1.44 1.44 1.44 1.44 1.44 1.44 0.00 0.00 
1242 1.49 1.49 1.46 1.46 1.49 1.48 0.01 -0.02 
1391 1.51 1.51 1.50 1.50 1.51 1.51 0.00 -0.01 
1589 1.51 1.50 1.50 1.51 1.51 1.51 0.00 -0.01 
1788 1 1.53 
1.52 1.44 1.47 1.46 1.48 0.05 -0.04 
2086 1.55 1.54 1.55 1.48 1.50 1.52 0.03 -0.04 
2334 1.58 1.58 1.58 1.57 1.57 1.58 0.00 -0.01 
2583 1.65 1.64 1.64 1.64 1.62 1.64 0.01 -0.02 
3328 1.64 1.64 1.63 1.62 1.63 1.63 1 0.01 . 0.01 
3924 1.68 1.68 1.69 1.68 1.62 1.67 
1 Ot. 02] -0.05 
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A. 12 Oil absorption andpackingfraction 
Packing fraction was calculated from oil absorption value and density of filler. 
PF = volume filler/ (volume filler + volume of oil) (A. 12-1) 
The volume of oil was measured in the oil absorption calculations, and the volume of filler was 
calculated from mass and density data. The mass and density of uncoated filler was known. 
Table A. 12-1 Oil Absorption and Packing Fraction. 
Filler Mass volume Oil abs. Oil abs. Filler Volume Packing P. F. Ave 
Ave Density filler Fraction 
Filler (g) oil (ml) (MI/100g) (MI/100g) (g/CM3) (CM) 
TI 1.285 0.50 38.9 41.9 2.75 0.47 0.48 0.46 
5.134 2.20 42.9 1.87 0.46 
5.562 2.45 44.0 2.02 0.45 
72 4.134 1.60 38.7 37.4 2.85 1.45 0.48 0.48 
4.174 1.60 38.3 1.46 0.48 
2.987 1.05 35.2 1.05 0.50 
T3 5.180 2.45 47.3 49.2 2.8 1.85 0.43 0.42 
4.341 2.20 50.7 1.55 0.41 
3.939 1.95 49.5 1.41 0.42 
T4 1.863 0.90 48.3 48.0 2.78 0.67 0.43 0.43 
1.515 0.70 46.2 0.55 0.44 
1.717 0.85 49.5 0.62 0.42 
T5 1.810 0.80 44.2 42.0 2.78 0.65 0.45 0.46 
4.064 1.65 40.6 1.46 0.47 
4.116 1.7 41.3 1.48 0.47 
T6 2.512 0.90 35.8 36.3 2.78 0.90 0.50 0.50 
3.357 1.15 34.3 1.21 0.51 
5.689 2.2 38.7 
1 1 
2.05 0.48 1 
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A. 13 Mechanical properties 
Five specimens were tested for each test. The data in the Table A. 13-1 includes the mean sample 
values. Metric values are shown in parenthesis. 
Table A. 13-1 Mechanical properties of the selected compounds. 
Physical property Materials 
PP140T3 PPl4OT3-CI PPl-4OT3-C2 PP14OT3-Cl-C2 
Tensile properties (ASTM D638) 
Tensile Strength - psi (MPa) 5300(36) 5500(38) 5900(40) 5700(39) 
Tensile Elongation, % 12 12 10 5 
Flexural Properties (ASTM D 790) 
Flexural Modulus - psi (MPa) 496000 
(3415) 
659000 
(4539) 
643000 
(4430) 
557000 
(3838) 
Flexural Strength - psi (MPa) 9000(62) 9500(65) 9800(67) 9500(66) 
Impact properties (ASTM D 25) 
NIRT - ftIbs/in (J/m) 0.35(19) 0.31(17) 0.37(20) 0.42(22) 
Rev. Notch - ftIbs/in (J/m) 5.82(311) 6.5 2(348) 6.61 (353) 4.06(217) 
Unnotched Charpy - ftIbs/in 
Win) 
7.96(425) 8.71(465) 6.8(363) 6.83(365) 
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A. 14 Melt Fracture -frequency data 
Three reading of wavelength were taken at different places. The wavelength data was then converted to 
frequency using velocity of extrudate. 
Table A. 14-IMelt fracture - frequency data for PP1 
Shear 
rate (s-1) 
L/D ratio =0 Average Variation 
1 2 3 Plus Minus 
695 66.86 69.53 64.38 66.86 2.67 2.48 
894 69.84 65.73 74.50 69.84 4.66 4.11 
1043 72.43 68.62 70.47 70.47 1.96 1.85 
1242 81.69 77.60 57.48 70.55 11.14 13.06 
1391 1 69.53 66.86 77.26 70.95 1 6.31 4.09 
1589 73.58 72.24 70.95 72.24 1.34 1.29 
1788 79.82 65.73 72.09 72.09 7.72 6.36 
Shear 
rate (s") 
L/D ratio =5 Average Variation 
1 2 3 Plus Minus 
894 47.55 50.79 46.56 48.24 2.56 1.67 
1043 54.32 52.15 54.32 53.58 0.74 1.43 
1242 57.48 55.43 53.52 55.43 2.05 1.91 
1391 62.08 59.94 1 59.94 60.64 1.44 0.70 
1589 56.76 53.69 50.94 53.69 3.07 2.75 
1788 54.51 54.51 50.79 53.21 1.30 2.42 
2086 57.94 53.21 49.20 53.21 4.73 4.02 
2334 53.05 53.54 54.0 .0 0.49 1 
2583 53.80 67 
t 
53.80 52.35 1.45 2.68 
Shear 
rate (s") 
L/D ratio= 10 Average Variation 
1 2 3 Plus Minus 
894 39.91 39.91 39.91 39.91 0.00 0.00 
1043 39.51 39.51 39.51 39.51 0.00 0.00 
1242 44.34 43.11 44.34 43.93 0.42 0.81 
1391 36.98 36.21 1 36.21 36.47 0.52 0.25 
1589 46.20 43.19 43.19 1 44.15 2.05 0.96 
1788 48.59 
1 
46.56 42.17 45.61 2.97 3.44 
2086 49.20 49.20 49.20 49.20 0.00 0.00 
419 
Appendices 
2334 45.59 46.31 52.10 47.83 4.27 2.24 
2583 52.07 51.24 50.44 51.24 0.83 0.80 
3328 50.73 49.52 51.04 50.42 0.62 0.90 
3924 53.31 50.05 50.05 51.09 2.22 1.04 
Shear 
rate (s") 
L/D ratio 20 Average Variation 
1 2 3 Plus Minus 
1043 31.04 31.04 30.32 30.80 0.24 0.48 
1242 31.04 31.04 33.74 31.89 1.85 0.85 
1391 36.21 36.21 34.77 35.72 0.50 0.95 
1589 1 35.48 33.67 33.67 34.25 1.22 0.58 
1788 34.38 32.87 32.87 33.36 1.03 0.49 
2086 35.24 34.77 35.24 35.08 0.16 0.31 
2334 39.97 38.39 39.97 39.43 0.54 1.04 
2583 40.35 43.04 37.98 40.3 2.69 2.37 
3924 33.14 1 33.14 33.14 33.14 1 0.00 0.00 
Table A. 14-2Melt fracture - frequency data for PPI-10T1 
Shear 
rate (s") 
UD ratio =0 Average Variation 
1 2 3 Plus Minus 
894 93.12 106.43 111.75 103.15 8.60 10.03 
1043 76.69 76.69 84.11 79.01 5.10 2.32 
1242 91.30 91.30 91.30 91.30 0.00 0.00 
1391 91.49 91.49 96.57 93.12 3.45 1.63 
Shear 
rate (s") 
L/D ratio =5 Average Variation 
1 2 3 Plus Minus 
1043 54.32 52.15 52.15 52.85 1.47 0.70 
1242 57.48 59.69 59.69 58.94 0.76 1.46 
1391 48.29 47.62 46.98 47.62 0.66 0.64 
2583 67.26 67.26 65.88 1 66.79 1 0.46 0.91 
Shear 
rate (s"') 
LID ratio= 10 Average Variation 
1 2 3 Plus Minus 
1242 
- 
44.34 43.11 44.34 43.93 0.42 0.81 
1391 T 40.43 42.40 48.29 1 43.46 1 4.83 3.03 
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2583 55.66 55.66 54.72 55.34 0.32 0.63 
3924 50.05 52.18 54.49 52.18 2.32 2.13 
Shear 
rate (s-) 
L/D ratio = 20 Average Variation 
1 2 3 Plus Minus 
1242 31.04 29.85 29.85 30.23 0.81 0.39 
1391 28.50 27.16 31.61 28.97 2.63 1.81 
2583 46.12 . 62 44.84 44.84 1.28 1.21 
3924 1 44.59 
1 49.04 43.02 1 
45.41 
1 
3.6 
Table A. 14-3Melt fracture - frequency data for PPI-20TI 
Shear 
rate (s") 
L/D ratio =0 Average Variation 
1 2 3 Plus Minus 
2583 97.83 94.95 93.57 95.42 2.41 1.84 
3924 102.18 102.18 106.62 103.62 3.00 1.44 
5265 96.77 94.01 91.40 94.01 2.76 1 2.61 
Shear 
rate (s-') 
L/D ratio =5 Average Variation 
1 2 3 Plus Minus 
1242 48.50 43.11 45.65 45.65 2.85 2.54 
2334 57.21 56.11 56.11 56.47 0.74 0.36 
3328 63.02 5 .2 59.42 59.42 3.60 3.21 
3924 40.87 
1 
42.65 39.24 1 40.87 1 1.78 1.63 
Shear 
rate (s') 
L/D ratio = 10 Average Variation 
1 2 3 Plus Minus 
1242 
1 
43.11 44.34 44.34 43.93 0.42 0.81 
1391 43.46 43.46 43.46 43.46 0.00 0.00 
2583 60.91 51.24 50.44 53.80 7.11 3.36 
3924 1 49.04 1 
Table A. 144Melt fracture - frequency data for PPI-IOT2 
Shear 
rate (s") 
LID ratio =0 Average Variation 
1 2 3 Plus Minus 
1043 130.37 118.52 108.64 118.52 11.85 9.88 
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1242 110.86 129.34 119.39 119.39 9.95 8.53 
1391 108.64 115.89 115.89 113.37 2.52 4.72 
1599 104.56 110.37 110.37 108.36 2.01 3.80 
1788 101.59 101.59 101.59 101.59 0.00 0.00 
2086 124.16 113.37 118.52 118.52 5.64 5. 
2334 112.22 104.21 104.21 106.75 5.47 2.54 
Shear 
rate (s") 
L/D ratio =5 Average Variation 
1 2 3 Plus Minus 
1043 56.68 54.32 54.32 55.09 1.60 0.77 
1242 70.55 67.48 59.69 65.58 4.97 5.89 
1391 62.08 62.08 66.86 63.60 3.26 1.51 
1589 68.50 68.50 1 66.22 67.73 0.78 1.51 
1788 62.08 62.08 60.40 61-51 0.57 1.11 
2086 1 65.19 65.19 63.60 64.65 0.54 1.05 
2334 64.84 63.43 62.08 . 63.43 1.41 1.35 
2583 63.30 62.08 60.91 62.08 1.22 1.17 
3328 79.99 1 78.48 78.48 1 78.98 1.01 0.50 
Shear 
rate (s*') 
L/D ratio = 10 
I 
Average Variation 
1 2 3 Plus Minus 
1242 40.84 40.84 40.84 40.84 0.00 0,00 
1391 42.40 43.46 43.46 43.10 0.36 0.70 
1589 47.30 46.20 46.20 46.56 0.74 0.36 
1788 48.59 47.55 46.56 47.55 1.03 0.99 
2086 1 50.14 48.29 
48.29 48.89 1.25 0.60 
2334 47.83 48.63 48.63 48.36 0.27 0.53 
2583 48.18 1 48.18 1 47.47 47.94 0.24 0.47 
Shear 
rate (s"') 
L/D ratio = 20 Average Variation 
1 2 3 Plus Minus 
695 0.00 0.00 
894 36.05 34.92 41.39 37.25 4.14 2.33 
1043 32.59 29.63 30.32 30.80 1.80 1.17 
1242 34.49 33.38 34.49 34.11 0.38 0.73 
1 1391 1 36.98 36.21 35.48 1 36.21 1 0.77 0. 
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1589 37.48 36.79 43.19 1 38.95 
1 4.23 1 2.16 
1788 32.87 32.39 33.36 32.87 0.49 0.48 
2086 34.77 33.01 36.72 34.77 1.96 1.76 
2334 39.43 1 41.10 1 39.43 39.97 1.13 54 0.54 
Table A. 14-5Melt fracture - frequency data for PPI-2OT2 
Shear 
rate (s") 
L/D ratio =0 Average Variation 
1 2 3 Plus Minus 
1589 124.16 124.16 104.56 116.86 7.30 12.30 
1788 111.75 111.75 117.63 113.64 3.99 1.89 
2086 113.37 118.52 124.16 118.52 5.64 5.15 
2334 116.71 112.22 1 112.22 113.68 3.03 1.46 
2583 111.32 107.61 1 107.61 1 108.82 1 2.50 1.21 
Shear 
rate (s-1) 
L/D ratio =5 Average Variation 
1 2 3 Plus Minus 
1043 59.26 56.68 62.08 59.26 . 
2.82 2.58 
1242 48.50 51.73 45.65 48.50 3.23 2.85 
1391 59.94 52.68 54.32 55.48 4.46 2.80 
1589 60.20 58.43 1 60.20 59.60 0.60 1.17 
1788 1 54.51 55.87 56.58 55.64 1 0.94 1.13 
2086 56.68 57.94 57.94 57.52 0.43 1 0.83 
2334 58.36 1 56.11 56-11 56.84 
1.52 1 0.73 
Shear 
rate (s') 
L/D ratio = 10 Average Variation 
1 2 3 Plus Minus 
1242 43.11 43.11 44.34 43.52 0.83 0.40 
1391 1 45.74 44.57 43.46 44.57 1.17 1.11 
1589 49.67 46.20 46.20 47.30 2.37 1.10 
1788 49.67 48.59 47.55 48.59 1.08 1.03 
2086 50.14 48.29 46.56 48.29 1.86 1.72 
2334 1 50.31 49.45 48.63 49.45 0.85 0.82 
2583 52.07 49.67 60.91 53.80 7.11 4.14 
3328 51.99 1 48.93 55.46 51.99 1 3.47 1 3.06 
Shear L/D ratio = 20 Average Variation 
rate( Is .1)ýII 
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1 2 3 Plus Minus 
1242 36.95 36.95 36.09 36.66 0.29 0.57 
1391 37.79 36.21 36.98 36.98 0.80 0.77 
1589 36.79 36.12 36.12 36.34 0.45 0.22 
1788 32.87 33.36 32.39 32.87 0.49 
2086 30.68 1 34.77 32.59 32.59 2.17 
Table A. 14-6Melt fracture - frequency data for PPMOT3 
Shear 
rate (s") 
UD ratio =0 Average Variation 
1 2 3 Plus Minus 
1242 110.86 119.39 119.39 116.40 1 2.98 5.54 
1391 124.16 115.89 115.89 118.52 5.64 2.63 
1589 116.86 116.86 110.37 114.61 2.25 4.24 
1788 1 101.59 101.59 99.33 100.82 0.76 1.49 
2086 108.64 74.50 98.39 91.49 17.15 16.99 
2334 91.18 91.18 91.18 91.18 0.00 0.00 
2583 84.95 1 82.78 78.74 1 '82.07 2.88 1 3.34 
Shear 
rate (s-') 
IJD ratio =5 Average Variation 
1 2 3 Plus Minus 
1788 58.81 58.81 60.40 59.33 1.07 0.52 
2086 62.08 60.64 59.26 60.64 1.44 1.38 
2334 62.08 62.08 60.79 61.64 0.44 0.86 
2583 1 70.18 68.69 67.26 68.69 1.49 1.43 
3328 63.02 62.08 61.17 62.08 0.94 0.91 
3924 61.31 61.31 61.31 1 61,31 0.00 0.00 
Shear 
rate (s"') 
L/D ratio= 10 Average Variation 
1 2 3 Plus Minus 
1242 40.84 40.84 41.95 41.20 0.74 0.36 
1391 43.46 43.46 43.46 43.46 0.00 0.00 
1589 45.15 45.15 46.20 45.49 0.71 0.34 
1788 44.70 44.70 46.56 45.30 1.26 0.60 
2086 50.14 49.20 48.29 49.20 0.95 0.91 
2334 49.45 50.31 49.45 49.74 1 0.57 0.28 
2583 1 52.07 1 51.24 1 50.44 51.24 0.83 0.80 
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3328 63.02 62.08 1 61.17 j 62.08 1 0.94 1 0.91 
3924 61.31 1 61.31_ L61.31 1 61.31 1 0.00 1 0.00 
Shear 
rate (s-) 
L/D ratio 20 Average Variation 
1 2 3 Plus Minus 
1043 31.04 32.59 32.59 32.06 0.53 1.02 
1242 35.27 34.49 34.49 34.75 0.53 0.26 
1391 36.21 36.21 35.48 35.96 0.25 0.49 
1589 36.12 36.79 1 36.12 36.34 0.45 0.22 
1788 33.86 32.87 33.86 33.52 0.34 0.66 
2086 34.77 34.31 34.54 34.54 0.23 0.23 
2334 37.89 37.65 37.41 37.65 0.24 0.24 
2583 39.37 38.89 1 43.04 1 40.35 2.69 1 1.46 
Table A. 14-7Melt fracture - frequency data for PPl-20T3 
Shear 
rate (s") 
L/D ratio 0 Average Variation 
1 2 3 Plus Minus 
1788 124.16 117.63 111.75 117.63 6.53 5.88 
2086 1 113.37 118.52 124.16 118.52 5.64 
5.15 
2334 112.22 112.22 112.22 112.22 0.00 0.00 
2583 111.32 107.61 107.61 108.82 2.50 1.21 
3328 109.46 1 106.65 103.99 1 106.65 2.81 1 2.67 
Shear 
rate (s*') 
UID ratio =5 Average Variation 
1 2 3 Plus Minus 
2086 63.60 59.26 63.60 62.08 1.51 2.82 
2334 72.95 56.11 64.84 63.89 9.05 7.78 
2583 73.37 71.74 75.08 73.37 1.71 1.63 
3328 63.99 62.08 60.28 62.08 1.91 1.80 
3924 1 58.39 64.53 61.31 61.31 3.23 2.92 
Shear 
rate (s-1) 
L/D ratio= 10 Average Variation 
1 2 3 Plus Minus 
2086 50.14 48.29 52.15 50.14 2.01 1.86 
2334 50.31 49.45 54.03 51.19 2.84 1.74 
2583 52.07 51.24 58.70 53.80 4.89 1 2.56 
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Table A. 14-8Melt fracture - frequency data for PPI-IOT4 
Shear 
rate (s") 
L/D ratio =0 Average Variation 
1 2 3 Plus Minus 
1242 119.39 119.39 110.86 116.40 2.98 5.54 
1391 1 115.89 108.64 112.15 112.15 1 3.74 3.50 
1589 116.86 110.37 110.37 112.45 4.41 2.08 
1788 124.16 117.63 111.75 117.63 6.53 5.88 
2086 104.30 100.29 104.30 102.92 1.37 2.64 
2334 108.07 104.21 104.21 105.46 2.60 1.26 
2583 84.95 82.78 78.74 82.07 2.88 3.34 
Shear 
rate (s"') 
L/D ratio =5 Average Variation 
1 2 3 Plus Minus 
1043 54.32 52.15 52.15 52.85 1.47 0.70 
1242 39.80 51.73 51.73 47.03 4.70 7.24 
1391 54.32 52.68 1 52.68 53.21 1.11 0.54 
1589 58.43 56.76 55.18 56.76 1.67 1.58 
1788 57.31 55.87 55.87 56.34 0.96 0.47 
2086 65.19 62.08 52.15 59.26 5.93 7.11 
2334 64.84 59.55 58.36 60.79 4.05 2.43 
Shear 
rate (s-1) 
UD ratio= 10 Average Variation 
1 2 3 Plus Minus 
1242 41.95 40.84 40.84 41.20 0.74 0.36 
1391 45.74 44.57 44.57 44.96 0.79 0.38 
1589 47.30 46.20 45.15 46.20 1.10 1.05 
1788 47.55 46.56 1 43.82 45.92 1.63 2.10 
2086 50.14 52.15 48.29 50.14 2.01 1.86 
2334 45.59 50.31 48.63 48.10 2.21 2.51 
2583 53.80 52.07 52.92 52.92 0.88 0.85 
3924 1 50.05 52.18 54.49 1 52.18 1 2.32 2.13 
Shear 
rate (s*') 
UD ratio = 20 Average Variation 
1 2 3 Plus inus 
1043 26.61 25.56 26.07 26.07 0.53 0.51 
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1242 29.85 28.74 27.72 28.74 1.11 1.03 
1391 32.19 31.04 31.61 31.61 0.59 0.56 
1589 29.21 28.38 30.10 29.21 0.89 0.83 
1788 29.60 30.20 29.03 29.60 0.60 0.58 
2086 34.77 32.19 33.43 
i 
33.43 1.34 1.24 
Table A. 14-9Melt fracture - frequency data for PP1-20T4 
Shear 
rate (s") 
L/D ratio =0 Average Variation 
1 2 3 Plus Minus 
ff88 124.16 117.63 111.75 117.63 6.53 5.88 
2086 118.52 113.37 113.37 115.03 3.49 1.67 
2334 121.58 116.71 112.22 116.71 4.86 4.49 
2583 115.29 111.32 107.61 111.32 3.98 . 71 
3328 1 115.54 1 112.42 109.46 1 112.42 1 3.12 
2.96 
Shear 
rate (s") 
L/D ratio =ý 5 Average Variation 
1 2 3 Plus Minus 
1788 58.81 57.31 55.87 57.31 1.51 1.43 
2086 55.48 54.32 54.32 54.70 0.78 0.38 
2334 57.21 56.11 56.11 56.47 0.74 0.36 
2583 52.07 51.24 52.07 51.79 0.28 0.55 
3328 1 63.02 56.21 59.42 59.42 3.60 3.21 
3924 1 58.39 58.39 57.03 57.93 
1 
0.46 
Shear 
rate (s-) 
L/D ratio = 10 Average Variation 
1 2 3 Plus Minus 
1788 42.98 42.98 41.39 42.44 0.54 1.05 
2086 46.56 44.96 43.46 44.96 1.61 1.50 
2334 56.11 42.91 1 42.91 46.56 
9.55 3.65 
2583 47.47 47.47 46.12 47.01 0.46 0.90 
Table A. 14-IOMelt fracture - frequency data for PPI-IOT5 
Shear 
rate (s") 
L/D ratio =0 Average Variation 
1 2 3 Plus Minus 
1043 108.64 100.29 108.64 105.71 2.94 5.42 
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1242 110.86 110.86 1 119.39 113.56 1 5.82 
1 2.70 
1391 108.64 108.64 115.89 110.95 4.93 .31 
1589 104.56 99.33 99.33 101.01 3.54 1.68 
1788 101.59 106.43 106.43 104.76 1.66 "I, 3.17 
2086 108.64 108.64 104.30 107.15 1.49 2.86 
2334 78.86 104.21 104.21 94.12 10.08 15.26 
Shear 
rate (s") 
L/D ratio =5 Average Variation 
1 2 3 Plus Minus 
1242 51.73 48.50 55.43 51.73 3.70 3.23 
1391 54.32 52.68 52.68 53.21 1.11 0.54 
1589 56.76 52.28 48.45 52.28 4.48 3.83 
1788 55.87 55.87 1 55.18 55.64 0.23 0.46 
2086 60.64 59.26 59.26 59.71 1 0.93 0.45 
2334 59.55 60.79 60.79 60.37 0.42 0.82 
2583 60.91 60.91 59.78 60.53 0.38 0.75 
1 3328 58.58 57.77 57.77 1 58.04 0.54 0. 
Shear 
rate (s") 
L/D ratio = 10 Average Variation 
1 2 3 Plus Minus 
1043 36.21 37.25 36.21 36.55 0.70 0.34 
1242 40.84 40.84 . 
39.80 40.49 0.36 0.69 
1391 42.40 41.39 41.39 41.72 0.68 0.33 
1589 42.27 41,39 1 41.39 41.68 0.59 0.29 
1788 1 53.21 51.98 
1 51.98 52.38 0.83 0.41 
2086 47.41 48.29 48.29 47.99 0.30 0.58 
2334 47.83 48.63 48.63 48.36 0.27 0.53 
2583 48.18 48.18 47.47 1 47.94 1 
0.24 0.47 
Shear 
rate (s"') 
L/D ratio = 20 Average Variation 
1 2 3 Plus Minus 
1043 28.34 27.74 28.34 28.14 0.20 0.40 
1242 32.33 31.67 31.04 31.67 0.66 0.63 
1391 30.50 29.97 29.97 30.14 0.35 0.0 
1589 33.11 33.11 1 32.57 32.93 0.18 0.36 
1788 34.38 33.86 1 33.86 1 34.03 0.35 1 0.17 
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2086 36.21 35.72 35.24 35.72 0.50 0.48 
2334 36.47 35.58 36.02 36.02 0.45 0.44 
2583 35.87 35.09 35.09 35.35 0.52 0.26 
Table A. 14-IlMelt fracture - frequency data for PP1-20T5 
Shear 
rate (s") 
L/D ratio =0 Average Variation 
1 2 3 Plus Minus 
1589 124.16 104.56 104.56 110.37 13.80 5.81 
1788 111.75 139.68 124.16 124.16 15.52 12.42 
2086 113.37 118.52 1 124.16 118.52 5.64 5.15 
2334 116.71 121.58 119.10 119.10 2.48 2.38 
2583 111.32 115.29 119.56 115.29 4.27 1 3.98 
Shear 
rate (s") 
L/D ratio 5 Average Variation 
1 2 3 Plus Minus 
1788 58.81 58.81 55.87 57.80 1.01 1.93 
2086 72.43 76.69 76.69 75.21 1.47 2.79 
2334 72.95 69.47 66.31 69.47 3.47 3.16 
2583 70.18 1 70.18 75.08 71.74 3.34 1 1.56 
Shear 
I rate (s- ) 
I. /D ratio = 10 Average Variation 
1 2 3 Plus Minus 
1788 44.70 42.17 42.17 42.98 1.72 0.81 
2086 43.82 48.29 46.56 46.15 2.14 2.33 
2334 45.59 45.59 47.83 46.31 1.52 0.72 
2583 1 47.47 1 46.79 1 49.29 f 47.83 1.46 
1 
1.04 
Shear 
rate (s") 
L/D ratio = 20 Average Variation 
1 2 3 Plus Minus 
1788 36.05 33.86 34.92 34.92 1.13 1.06 
2086 41.39 42.74 42.06 42.06 0.69 0.67 
2334 35.58 35.58 38.39 36.47 1.92 0.89 
2583 1 39.37 1 40.35 1 38.43 39.37 0.98 0.94 
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Table A. 14-12Melt fracture - frequency data for PPI-IOT6 
Shear 
rate (s") 
L/D ratio =0 Average Variation 
1 2 3 Plus Minus 
1391 
1 
144.86 151.16 124.16 139.06 12.09 14.90 
1589 116.86 152.82 110.37 124.16 28.65 13.80 
1788 101.59 124.16 
1 
111.75 111.75 12.42 10.16 
2086 108.64 130.37 104.30 113.37 17.00 9.07 
2334 97.26 104.21 112.22 104.21 8.02 6.95 
2583 1 104.14 1 100.88 97.83 100.88 3.25 1 3.06 
Shear 
1) rate (s' 
L/D ratio =5 Average Variation 
1 2 3 Plus Minus 
1788 53.21 51.38 53.21 52.59 0.63 1.21 
2086 60.64 60.64 58.59 59.94 0.70 1.35 
2334 59.55 62.08 60.79 60.79 1.29 1.24 
2583 1 58.70 57.65 58.17 1 58.17 0.53 0.52 
Shear 
1) rate (s- 
LID ratio= 10 Average Variation 
1 2 3 Plus Minus 
1391 45.74 44.57 46.98 45.74 1.24 1.17 
1589 49.67 49.67 46.20 48.45 1.21 2.25 
1788 50.79 49.67 47.05 49.12 1.67 2.07 
2086 '52.15 52.15 53.76 52.68 1.09 0.53 
2334 55.05 53.05 54.03 
2583 
1 52.07 55.66 53.80 
53.80 1.86 
Shear 
rate (s") 
L/D ratio = 20 Average Variation 
1 2 3 Plus Minus 
1242 30.14 28.74 28.22 29.01 1.13 0.79 
1391 29.97 29.46 28.97 29.46 0.51 0.49 
1589 28.79 29.21 28.38 28.79 0.42 0.41 
1788 30.20 1 31.04 1 30.62 30.62 0.43 0.41 
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Table A. 14-13Melt fracture - frequency data for PPI-2OT6 
Shear 
rate (s-1) 
UD ratio =0 Average Variation 
1 2 3 Plus Minus 
1788 42.98 46.56 44.70 44.70 1.86 1.72 
2086 46.56 45.74 47.41 46.56 0.85 0.82 
2334 50.31 47.06 46.31 47.83 2.47 1.52 
2583 46.12 1 44.22 1 46.12 1 45.47 0.65 
1.25 
Shear 
rate (s") 
L/D ratio =5 Average Variation 
1 2 3 Plus Minus 
1589 52.28 53.69 55.18 53.69 1.49 1.41 
1788 54.51 53.21 51.98 53.21 1.30 1.24 
2086 55.48 54.32 60.64 56.68 3.95 2.36 
2334 55.05 54.03 57.78 55.58 2.20 1.54 
2583 55.66 54.72 58.17 56.14 2.02 
Shear 
rate (s-) 
LA) ratio = 10 Average Variation 
1 2 3 Plus Minus 
2086 
1 44.96 46.56 48.29 
46.56 1.72 1.61 
2334 47.06 46.31 50.31 47.83 2.47 1.52 
2583 45.47 44.22 46.79 45.47 1.32 1.25 
